Thermochemical co-liquefaction of waste plastics and biomass for the production of fuels and further chemicals by Hongthong, Sukanya
        
University of Bath
PHD
Thermochemical co-liquefaction of waste plastics and biomass for the production of








If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 11. May. 2021
 
 
Thermochemical co-liquefaction of waste 
plastics and biomass for the production 




A thesis submitted for the degree of Doctor of Philosophy 
 
University of Bath 




Attention is drawn to the fact that copyright of this thesis rests with the author.  A copy of 
this thesis has been supplied on condition that anyone who consults it is understood to 
recognise that its copyright rests with the author and that they must not copy it or use 
material from it except as permitted by law or with the consent of the author. 
 
 
This thesis may be made available for consultation within the University Library and may 












There is increasing concern over the levels of plastic waste that are entering the 
environment or being collected with no appreciable route to disposal. While recycling, 
as an alternative to disposal, offers one route, the need for uncontaminated sources 
and the lower quality of recycled plastics presents huge challenges. Alternatively, an 
increasing body of research has aimed to use plastic waste as a feedstock in a circular 
economy methodology to produce more valuable products such as fuels. Plastic waste 
could potentially be co-processed with biomass to create biofuels and chemicals, 
decreasing dependence on fossil fuels and remediating the plastic problem. The aim 
of this thesis is to explore the valorisation of plastic waste, through co-processing with 
biomass. To this end thermochemical co-liquefaction was explored.  
Initially a novel type of liquid based pyrolysis was assessed on the lab and pilot scale. 
The technique is known as the pressure-less catalyst depolymerisation (KDV, in the 
original German), and has been claimed to depolymerise organic feedstocks to 
produce a hydrocarbon biofuel, in one step, without the need for hydrogen or chemical 
upgrading. However, despite a number of pilot plants in operation, no systematic 
mechanistic studies have been reported and it is unclear how this pyrolysis can be 
achieved. To determine these outstanding questions, pistachio hulls were liquefied 
using a KDV process in the lab and through collaboration with the Wonderful Company 
to assess the pilot scale mass balance and determine the suitability of the KDV 
approach. The process was carried out using an aluminosilicate 4Å zeolite catalyst at 
atmospheric pressure and temperatures at 300 °C. In this process the biomass and 
catalyst are suspended in a petroleum carrier oil and the fuel recovered though 
distillation from the reaction vessel.  The process has a stated productivity of 32.8 L 
distillate oil/1,000 kg pistachio hull on pilot plant scale. However, the 14C analysis 
demonstrated that most of the product came from the fossil carrier oil. The process 
was then mimicked on the lab scale, on both 1L and 5L scales and the optimal catalyst 
type was tested using aluminosilicate 4A zeolite, zeolite, aluminosilicate catalyst, and 
a calcium hydroxide neutraliser at atmospheric pressure and temperature at 300 °C. 
Despite the lab scale tests, the yield was not improved through using the more stable 
zeolite catalyst. The maximum distillate obtained when using a heavier carrier oil was 
relatively low (approximately 6.5v/w%) with less than half of the pistachio hull used. 
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The liquid product contained not only pyrolysis oil but also 30-50 wt.% water. The bio-
content as determined through 14C analysis was remarkably low for all reaction 
conditions, demonstrating that the majority of the product came from the carrier oil. 
The concerted efforts on lab and pilot plant scale demonstrated the unsuitability of this 
one step process for fuel production, and therefore was not used to co-process 
plastics.  
Hydrothermal liquefaction is another promising, low-energy route for the bio-crude 
conversion of biomass which can be upgraded to advanced biofuels. The co-
processing of common plastic waste (including; polyethylene, polypropylene, PET and 
nylon-6,) with pistachio hulls was therefore assessed to investigate the suitability of 
the HTL approach at 350 °C. High yields of up to 35% bio-crude were achieved. 
Synergistic effects between plastics and pistachio hulls conversion were stronger in 
the presence of nylon-6 and PET. Nylon-6 almost completely depolymerised under the 
optimal HTL conditions and generated the caprolactam monomer. PE and PP were 
less reactive; a limited degree of decomposition formed oxidised products, which 
distributed into the bio-crude phase. The HHV of the bio-crudes increased 
substantially in the presence of plastic blends.  
The recalcitrant polyolefins also need to be converted before plastic waste can 
become an integral part of a biorefinery. In order to enhance the conversion of these 
plastics, a possible solution through the catalytic co-liquefaction of a model waste 
(pistachio hulls) and polypropylene (PP) was assessed. Pure PP did not break down 
under HTL conditions, and only small synergistic effects occurred when placed with 
biomass. In the presence of typical HTL catalysts including Fe, FeSO4, MgSO4, ZnSO4, 
ZSM-5, aluminosilicate, Y-zeolite, and Na2CO3, the PP almost exclusively broke down 
into a solid phase product with no enhancement of the bio-crude fraction. However, 
the plastic conversion was enhanced up to 50% through the addition of the hydrogen 
donor formic acid. This reduced the amount of carbon going to the solid phase and the 
volatile organic produced was increased in the gas phase. The gaseous products were 
an array of short chain hydrocarbons, which could be repolymerised as a polyolefin or 




Several broad classes of plastics have a high possibility of ending up in the ocean 
environment. Extensive fishing, recreational and maritime uses of the ocean increase 
the influx of plastic waste into the oceans. The concept of implementing HTL as a route 
to processing marine plastic and macroalgae was therefore investigated. Co-
processing of marine macroalgae was undertaken with a range of different nylons 
(nylon-6, nylon6/6, nylon6/12, and nylon12) including an actual sample of marine 
macroalgae collected at sea, entangled with nylon fishing line. Due to the variation in 
macroalgae composition, synergetic effects between macroalgae and nylon 
conversion were observed, producing bio-crudes in higher yields and with better fuel 
properties. Co-processing of marine macroalgae and contaminant marine plastic 
therefore is a potentially useful method to solve the ocean environmental problem and 
create value for fuel production. 
Based on the investigations, HTL has been demonstrated to be a highly promising 
route to convert the energy from biomass and plastic to valuable bio-crude, liquid 
products, gaseous and bio-char. The HTL could be achieved in both thermal and 
catalytic processes. However, catalytic processes provide higher plastic conversion 
with greater yield of gaseous products. With the potential HTL method, waste 
management can become more efficient, with reduced need of waste disposal, less 
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AP  Aqueous phase 
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CHN  Carbon, hydrogen and nitrogen  
CPD  Catalytic pressure-less depolymerisation 
daf  Dry, ash free 
ER  Energy recovery 
FA  Formic acid 
FTIR   Fourier-transform infrared spectroscopy 
GC-MS Gas chromatography – mass spectrometry 
HDO  Hydrodeoxygenation 
HHV  Higher heating value 
HTL  Hydrothermal liquefaction 
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LCMS  Liquid chromatography – mass spectrometry 
LPP  Liquid phase pyrolysis 
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The growth in demand for natural resources is predicted to increase continuously at 
an annual rate of 1.6% in the next two decades [1]. Petroleum fuel resources are a 
valuable supply for limited natural energy as the rate of petroleum fuel resources 
exhaustion is higher than the rate of regeneration. The enormous consumption of 
petroleum fuel resources results in increased emissions of harmful pollutants. Carbon 
dioxide, a key greenhouse gas released into the atmosphere through burning 
petroleum resources, resulting in environmental impacts and serious threats to human 
health [2]. Despite the environmental impacts associated with the use of petroleum 
fuel resources, petroleum-derived liquid hydrocarbons are still attractive and feasible 
forms of transportation fuel [3]. With increases in energy demands, petroleum 
resources are estimated to be exhausted worldwide after 2042 with the current rate of 
petroleum fuel consumption [4]. To control the pollutant emissions and moderate the 
energy predicament, the development of alternative resources to replace petroleum-
derived chemicals and fuels has been explored. Several efforts are currently being 
developed to find alternative energy sources and develop technologies which are high 
efficiency and environmentally friendly. In this regard, most of the investigation has 
been contributed through research into biomass energy. Biomass has been 
considered as the most promising resource for the production of sustainable biofuels. 
Biomass is a major source of energy and is currently estimated to account for 
approximately 10–14% of the world's energy consumption [5]. Unlike petroleum 
sources, biomass has been treated as a carbon-neutral source, conducive to 
mitigating global warming effects [6].  
Appropriate waste management strategy is another key aspect of sustainable 
development. The growing size of welfare states in modern society has led to a huge 
increase in the production of all kinds of commodities, which generate waste 
incidentally. Plastic  has become the main material which has gained much popularity 
as being used in a wide range of applications due to its stability, light weight and low 
cost [7] Since it is resistant to degradation, substantial quantities of plastics waste have 
accumulated in the natural environment and landfills. It is estimated that global plastic 
waste generation in 2025 will increase to 9-13% of total municipal solid waste [8]. In 
the UK, approximately 55% of plastic wastes were found in landfill, 26% were recycled, 
and 18% were used for energy recovery [9]. This demonstrates that despite a large 
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effort around collection and recycling the majority of plastic waste ends up in landfill. 
Polyolefins are not biodegradable over acceptable timeframes and it has been 
estimated that it would take over 500 years for them to biodegrade [10]. As result of 
that plastics have become a potential health risk to aquatic and terrestrial animals [11], 
and impact on environmental pollution [12]. There are several methods for disposal of 
municipal and industrial plastic waste, however the traditional methods for the removal 
of plastic wastes such as landfilling and incineration do not constitute a certain solution 
from an environmental standpoint [13].  
To address these issues, the problem of replacing energy resources related 
environmental pollution must be solved. This project will therefore aim to investigate 
the potential of plastic waste as co-feedstock with biomass in a circular economy 
methodology to produce more valuable products such as fuels and chemicals. The 
focus will be to understand the reaction mechanisms and the synergistic effects 











1.2 Feedstocks for energy production 
Continued population growth and rapid industrialization across the world has led to 
increasing demand for energy. This has in turn led to an increasing number of energy 
related challenges that must be solved over the coming century. This includes the 
replacement of over-exploited fossil resources, and the reduction in the resulting 
environmental pollution from these sources. One promising alternative is therefore to 
combine waste management and energy production, creating suitable fuel and 
chemical precursors from the conversion of wastes currently underexploited including 
waste biomass such as agricultural residues and waste fossil plastics.  
1.2.1 Biomass  
Biomass is a major source of energy and is currently estimated to account for 
approximately 10–14% of the world's energy consumption [5, 14]. Biomass can 
generally be classified as organic matter produced via photosynthesis derived from 
available atmospheric carbon dioxide, water, and sunlight. The primary use of biomass 
does not directly result in the carbon accumulation in the atmosphere since the carbon 
released during combustion was taken by the growing plant. However, the overall 
carbon balance is not neutral when the biomass harvesting, collection and processing 
is powered through fossil fuels. In the simplest form, biomass can be burned directly 
to produce heat, fuel gases, steam, and biomass can be converted into electricity via 
steam turbines [15]. Biomass can also be upgraded into higher-grade fuels such as 
charcoal, liquid fuels, and gaseous fuels with promising a realistic choice of flexible 
production [16]. Therefore, the development and production of biomass derived fuels 
and chemicals has been heavily researched and developed since the 1970s [17-20].  
The use of biomass in biofuels is classified into three main types of biomass categories 
as first, second and third generation fuels. It is generally agreed that first generation 
biofuels are produced from agricultural crops, in direct competition with food, which 
are mainly used for the production of bioethanol (i.e. sugar cane) or biodiesel (i.e. palm 
oil) production [21]. The use of these resources for energy production leads to 
competition with food crops, the competition for fresh water, and also has been 
demonstrated to impact on biodiversity, especially in the case of palm oil. Second 
generation biofuels tend to refer to the transformation of municipal waste, agricultural 
residues, or alternative lignocellulosic material which do not compete with food crops. 
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This has several advantages over bioenergy sourced from first generation sources 
such as better energy balances, lower greenhouse gas emissions, lower land 
requirements and less competition with food production [22]. As such the use of 
lignocellulosic biomass can be one of the most promising sources of biofuel as it 
provides a way to simplify the disposal process as well as providing energy rich useful 
products [15]. One promising example of lignocellulosic agricultural residues are 
pistachio hulls. 
The pistachio nut is one of the most popular tree nuts of the world originally from 
central and western Asia which was spread throughout the Mediterranean countries 
[23]. According to the reports of the Food and Agriculture Organisation (FAO), 
approximately 30 million tonnes of pistachio nut waste is annually disposed to landfills 
by the pistachio nut processing industries, i.e. a huge number of pistachio hulls and 
shells are available. Currently, large quantities of pistachio biomass are disposed of 
as agricultural waste, resulting in the considerable issue of the need of waste disposal. 
Considering the chemical composition, pistachio hulls provide a rich source of natural 
phenolics and oxidants. Phenolics content of pistachio hull is found higher than the 
skin and nuts [24, 25]. Consequently, the pistachio hulls, particularly the phenolics 
derived have gained attention recently as an alternative renewable source. Phenol is 
an organic compound which is produced from petroleum derived feedstock. 
Processing of pistachio hull wastes to a renewable energy source is therefore a 
promising step towards reducing the environmental impacts of fuel production. 
Some publications also include a third-generation biofuel feedstock which is typically 
a marine resource such as microalgae or macroalgae. For example, biomass from 
marine macroalgae is reported in the UK bioenergy strategy as “an important source 
of liquid biofuel” [26]. Macroalgae-derived fuels are receiving growing attention, with 
substantially high growth rates and photosynthetic efficiencies. The key benefit of 
macroalgae is the potential to cultivate and harvest in large equal environmental merits 
as they are grown in marine systems. In addition, macroalgae can be grown under 
worse water and nutrient conditions and thus do not require additional fertilizer or 
artificial illumination [27]. Also, macroalgae contains higher carbohydrate content 
which makes them suitable for bioconversion into fuel molecules [28]. After harvest, 
marine macroalgae go through several process units, including pre-treatment, 
saccharification and fermentation, and the thermochemical process to be converted to 
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biofuel [29-31]. Therefore, macroalgae is a promising raw material to provide 
environmentally and economically feasible alternatives for energy and environmental 
challenge.  
1.2.2 Fossil derived plastic waste 
Ever since the first commercial production of synthetic polymer took place in 1940s, 
the global production of plastic has been increasing substantially. The total plastic 
production is estimated to exceed 300 million tonnes and is still increasing by 
approximately 4 wt.% a year [32]. Plastic waste can be divided as municipal and 
industrial wastes [33]. Industrial plastics are generally homogeneous and have good 
physical characteristics, this make them useful for downcycling into lower-grade plastic 
products [34]. Municipal plastics tend to be heterogeneous in nature and have a 
number of different materials derived from various types of applications [34]. Municipal  
wastes, commonly known as municipal solid wastes as they are discarded and 
collected as household wastes [33]. In general, about 10-15 wt.% of municipal wastes 
consist of plastics [35, 36]. It is estimated that the global plastic waste generation in 
2025 will increase to 9-13% of total municipal solid waste [8]. The plastics contained 
in municipal solid waste consist of 50-70% packaging material which derived from low-
density polyethylene (LEPE), high-density polyethylene (HDPE), polypropylene (PP), 
polyethylene terephthalate (PET), polystyrene (PS) and polyvinyl chloride (PVC).  
The largest volume of plastic produced by far is the polyolefins (PP and PE). HDPE 
can be found in bottles, storage boxes, pipes and cable insulations. LDPE can be 
utilized for packing like foils, tray, and film material.  PP, PS and PE, have also been 
extensively found in the packaging industry [37, 38]. Poly(vinyl chloride) (PVC) is 
another commercial plastic commonly used in the fabrication of pipe, packing 
materials, and insulation [39]. Poly(ethylene terephthalate) (PET) use has increased 
with various applications such as food and drink containers, electronic components, 
and textile fibres [40].  
Between 4.8 and 12.7 million tons of mismanaged land-based plastic was predicted to 
enter the ocean during 2010 [41]. 5.25 trillion plastic particles (weighing 268,940 
tonnes)  were estimated to be floating in the world’s oceans in 2014  [42]. The actual 
number is difficult to calculate, due to the many different sources and environment 
7 
 
transport pathways, but this plastic debris has been accumulating in the marine 
environment and has been an environmental concern for decades. There has been 
evidence showing negative effects on organisms, ecosystems, and socioeconomic 
sectors[43].  
High volume plastic packaging usage includes polyethylene, polypropylene, 
polystyrene, polyethylene terephthalate, and polyvinyl chloride are reflected in their 
production and consequently these have high possibility of ending up in the ocean 
environment. An estimated 60-80% of plastic found in the marine environment is from 
terrestrial sources [44], with the remaining number of marine plastic fragments found 
in the ocean environment has resulted from the fishing industry [45]. Currently, at least 
640,000 tonnes of discarded fishing gear is estimated to flow into the sea every year, 
which amounts to 10% of total marine debris. These discarded fishing items are mainly 
nylon monofilament lines and netting[46].  
Indeed, the management of plastic waste is a key challenge for many countries. The 
UK exported some of its plastics for recycling to China, however since the Chinese 
government banned the import of certain grades of solid waste, exports to Southeast 
Asian markets have been rapidly increasing. However, plastic scrap export presents 
a lost resource, investment and job opportunities as well as increasing the risk of 
materials being processed at overseas facilities[47]. The cost of transportation, labour 
and maintenance may also increase the cost of the recycling process. In the UK, 
approximately 55% of the plastic wastes were found in landfill, 26% were recycled, 
and 18% were used for energy recovery [9]. This demonstrates that despite a large 
effort around collection and recycling the majority of plastic waste ends up in landfill. 
Polyolefins are not biodegradable over acceptable timeframes and it has been 
estimated that it would take over 500 years for them to biodegrade [10]. Since the 
molecular bonds are made up of hydrocarbon chain polymer derived-petroleum 
refining, resulting in the strong bonds between hydrocarbon monomers. Thus it is hard 
to make the degradation process at ambient temperature [32]. The continuous 
disposal of plastic in landfill, therefore, has become a major environmental issue.  
Recycling is widely applied to minimise plastic waste. The most common method for 
the recycling of plastic waste is mechanical recycling consisting of collection, sorting, 
resizing, wet separation, dry separation, and compounding. These techniques result 
in significant energy consumption. Also, recycling degrades the quality of the resource. 
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Recycled virgin plastic material can be reused 2-3 times only because the strength of 
plastic material is reduced after every recycling due to the thermal degradation.  
As such, alternative routes to use plastic have been investigated, so called upcycling, 
where higher value products are produced (as opposed to the down-cycling to make 
lower quality plastic). One such route is to produce crude oils from the pyrolysis of 
used polyolefins, which can be upgraded into transport fuels. As there is little oxygen 
in the polymers, the fuel obtained from plastic wastes has a comparably high calorific 
value to petroleum fuels [48].  
1.3 Liquid biofuel production  
The conversion of renewable feedstocks into liquid fuels are generally classified into 
either biochemical [49, 50] or thermochemical pathways [51-53]. The most successful 
routes to date are mainly biochemical with both ethanol and butanol fuels readily 
available [54]. However, in the processing of plastics wastes and complex biomass 
sources, thermochemical processes have been shown to be more effective [55]. 
Thermochemical processing uses rapid heating to breakdown the feedstock, to 
produce a range of products including a bio-oil that can be further upgraded. The two 
major routes to liquid fuels are pyrolysis and hydrothermal liquefaction. However, there 
are significant differences between these two pathways: pyrolysis is typically defined 
as a thermochemical decomposition of biomass at a temperature between 375-700°C, 
which requires biomass drying, while hydrothermal liquefaction processes the biomass 
in subcritical water, under high pressure, using this as the reaction medium, avoiding 
the energy losses associated with drying the feedstock.  
1.4 Pyrolysis processing 
Pyrolysis is defined as the efficient thermal decomposition of complex macromolecules 
to smaller molecules occurring in the absence of the oxidizing agent. During the 
pyrolysis process, three products are always forming including organic vapours, which 
is known as ‘pyrolysis-oil’ when condensed, together with pyrolysis gas and biochar 
(Fig. 1.4-1). Among the three major biomass components of cellulose, hemi-
celluloses, and lignin, the decomposition of cellulose has been most widely analysed 
and best comprehended [56]. During the pyrolysis process, lignocellulose can be 
decomposed via several reactions which include dehydration, depolymerisation, 
isomerization, aromatization, decarboxylation, and charring. There are three main 
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stages that occur during the pyrolysis process: (i) initial evaporation of free moisture 
at the medium surface, (ii) primary decomposition, (iii) lignocellulose cracking and re-





     
 
 
Figure 1.4- 1–Represent downstream processing of pyrolysis products [59] 
The proportions of the products produced are dependent on the type of material feed 
and the use of pyrolysis operating conditions. Pyrolysis of lignocellulosic biomass 
generally starts at the temperature range between 300 and 650°C. Hemicellulose 
decomposes from 250 to 400 °C, cellulose decomposes between 310-430°C, some 
char formation is always observed with cellulose. Lignin begins to decompose at 
between 300-350°C though a large proportion of up to 55 wt.% of char is produced 
[60].  The liquid product from the biomass pyrolysis process is termed pyrolysis oil or 
bio-oil. During the storage process, the properties are changed considerably due to 
the inherent chemical instability. Bio-oil is a complex mixture of many organic 
compounds, comprising of acids, alcohols, aldehydes, esters, ketones, phenols, and 
lignin-derived oligomers.  
According to the heating rate during pyrolysis, pyrolysis can be classified into three 
categories: conventional or slow pyrolysis, intermediate pyrolysis, and fast or flash 
pyrolysis. In slow pyrolysis, the process is carried out under very slow heating rates 
(0.1–1○C/s) [61]. The major production of slow pyrolysis has been conventionally 
applied to the production of charcoal which is also known as carbonisation [62]  and 
the product also consists of up to 25% water content. At the intermedia (75○C/s)[63], 
pyrolysis consists of a fast heating rate, a residence time between 10 and 30 s at a 































rapidly decomposes, with a heating rate between 10 and >1000°C /s. The process is 
quickly heated in the absence of air, vaporises and the process provides the liquid 
products via the short residence time (< 2 seconds).  
Although pyrolysis offers an effective technology to convert the biomass, pyrolysis oil 
produced from biomass requires expensive and energy intensive postprocessing. For 
instance, pyrolysis fuels obtained from biomass are deoxygenated in the presence of 
hydrogen under high-pressure (∼10 MPa) catalytic reactors operated at temperatures 
of ∼350−400°C. The pre-drying process of biomass is necessary, particularly when 
processing with wet feedstock such as food waste and algal biomass. Pyrolysis also 
needs crushed biomass particles to improve heat transfer, heating rate and to quench 
the hot pyrolysis vapours. The fuel characteristic of pyrolysis oil before its treatment 
by deoxygenation shows high oxygen content of around 30-40%, which leads to 
undesirable properties such as low energy, instability, high density and corrosion [65].    
1.4.1 Pyrolysis products  
1.4.1.1 Pyrolysis oil 
Pyrolysis oil is the multi-component mixture comprised of various molecules that are 
produced via depolymerisation and fragmentation of cellulose, hemicellulose, and 
lignin. Pyrolysis oil mainly composed of oxygenated compounds, which lead to high 
thermal instability, and low heating value, making it unusable as an engine fuel[66]. 
Pyrolysis oil generally contains a high-water content (15-30 wt.%) from the initial 
moisture of biomass and dehydration reaction that occurs during the pyrolysis process. 
The high amount of water results in phase separation between the liquid phase 
resulting in lowering the heating and flame temperature. In contrast, the high water 
content has some positive side effects; increasing the flow property (viscosity) which 
helps in improving the atomization and combustion in engine [67]. Pyrolysis oil is 
moderately acidic (2.5-3.0 pH), resulting in an extremely unstable product.  
The viscosity of pyrolysis oil is another important specification of oil influencing the 
pumping condition. High viscosity can result in ineffective pumping and atomization. 
The reduction of the viscosity can be achieved by adding polar solvents. Different 
biomass feedstocks lead to different viscosity properties. The viscosities were also 
decreased in the presence of higher water content and less water insoluble 
components [68]. The kinetic viscosity of 70 –350 mPa s, 10 –70 mPa s and 5 –10 
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mPa s were observed for Pterocarpus indicus, Fraxinus mandshurica, and rice straw, 
respectively [69]. Basic data for pyrolysis oil and conventional petroleum fuels are 
compared in Table 1.4-1. 
Table 1.4- 1–Composition and physicochemical properties of wood pyrolysis oil and 
heavy oil [70]  
 Physical property Pyrolysis-oil Heavy fuel oil 
 Moisture content (wt.%) 15-30 0.1 
 pH 2.5 - 
 Specific gravity 1.2 0.94 
 Elemental composition (wt.%)   
 C 54-58 85 
 H 5.5-7.0 11 
 O 35-40 1.0 
 N 0-0.2 0.3 
 Ash 0-0.2 0.1 
 HHV (MJ/kg) 16-19 40 
 Viscosity (at 50°C) (cP) 40-100 180 
 Solids (wt.%) 0.2-1 1 
 Distillation residue (wt.%) Up to 50 1 
Due to the high oxygen content of pyrolysis oil, the pyrolysis oil is immiscible with non-
polar liquid hydrocarbons, and it cannot be used or processed together in the same 
facilities. The high oxygen content leads to major drawbacks including the polarity, the 
acidity, the low relative heating value, the viscosity and the reactivity, and these 
parameters influence its overall phase stability.  
In order to increase the stability and decrease the oxygen content of pyrolysis oil, a 
mild hydrotreating process has shown the advantage of stabilization through 
hydrodeoxygenation (HDO). Hydrotreating is a well-established refinery process for 
ensuring emission regulations and removing hazardous substances of fuels such as 
sulphur, and metal from petroleum fractions. The pyrolysis oil upgrading step takes 
place between 250-450 °C under high-pressure hydrogen (7.5-30MPa) in fixed bed 
reactors[71]. Since a first attempt at using a single-hydrotreating resulted in fouling of 
the catalyst bed after few hours on stream[72], a two-step process using a mild severity 
condition was therefore developed to overcome the reactivity of bio-oil. In this process, 
12 
 
the bio-oil was stabilised in a lower temperature reactor (150-280°C) before bio-oil was 
further processed in the second state hydrotreater at higher temperature reactor (350-
400°C) where the main chemical reactions took place[73]. This product was then 
hydrocracked, and the second-stage product separated into product oil.  Wastewater, 
and off gas streams were also produced as a by-product (Figure 1.4-2). Bio-oil can 
be further processed into gasoline and diesel stream or sent to refinery.  The 
wastewater product contains dissolved organics which can be treated to reduce their 
proportion to less than 2% by anaerobic digestion. The gas stream contains light 
hydrocarbons, excess hydrogen, and carbon dioxide, and it can be sent to a Pressure 
Swing Adsorption (PSA) module to recover the hydrogen gas and send it back to the 
hydrotreater [59]. 
Hydrogen consumption was reduced but large amounts of CO2 are generated [74]. 
The oxygen content of the final product was 0.5 to 2.3 wt.% and gasoline range 
aromatic hydrocarbon in the liquid product was reported to be 87 % (v/v)[75]. The 
hydrotreating process is usually carried out with a biofunctional catalyst containing 
hydrogenation promoters, for example, nickel and tungsten or molybdenum sulphide 









Figure 1.4- 2–Diagram of bio-oil upgrading by hydrotreating process[59] 
1.4.1.2 Pyrolysis char  
Pyrolysis char is a stable carbon-rich by-product obtained via the pyrolysis process of 
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biomass composition and process conditions. Pyrolysis char contains a carbon 
content of 53-96 wt.%. The yield and heating value of bio-char varied in a range of 30-
90 wt.% and 20-36 MJ/kg, respectively [76, 77].  Pyrolysis char can be burned to 
generate heat energy in most systems that are currently burning solid fuels [78]. The 
potential bio-char applications include carbon sequestration, soil fertility improvement, 
pollution remediation, and agricultural by-product/waste recycling [79]. Pyrolysis char 
is also used as catalyst, energy storage and environmental protection, and a sorbent 
for the removal of pollutants in flue gas, such as SO2 and NOx [76]. 
1.4.1.3 Pyrolysis gas 
The pyrolysis of biomass forms a gas product consisting of carbon dioxide, carbon 
monoxide, hydrogen, methane, ethylene, propane, sulphur oxide, nitrogen oxide, and 
ammonia[80]. Carbon dioxide and carbon monoxide generally originate from 
decomposition and reforming of carboxyl and carbonyl groups [79]. Since the pyrolysis 
gases are the components of syngas (carbon monoxide, carbon dioxide, and 
hydrogen), pyrolysis gases are applied for energy source[5, 81]. The pyrolysis gases 
are also used for fluidization [82] 
Reaction temperature provides a significant role in the distribution and composition of 
gas production formed during the pyrolysis process[83]. Increasing temperature 
pyrolysis will increase thermal decomposition and devolatilization of biomass. Moisture 
content also has a significant formation effect of pyrolysis gas. High moisture content 
enhances the extraction of water-soluble components from the gaseous phase, 
leading to a substantial reduction in the production of the pyrolysis gas[84]. Also, small 
particle sizes have favoured the breaking down of the hydrogen components, leading 
to increase in hydrogen and carbon monoxide while decreasing carbon dioxide [79]. 
1.5 Liquid phase pyrolysis (LPP)  
Effective pyrolysis is conducted through optimal heat transfer from either the reactor 
walls, gas phase, or hot sand particles. Good heat transfer is one of the most important 
factors to increase the yield of bio-oil. During the pyrolysis process, heat is transferred 
to the biomass’s outer surface via radiation and convection. Heat is then transferred 
to the interior of the biomass via conduction and convection. Heat reaction with high 
heat transfer is required to obtain through heating rate conditions. Since heat transfer 
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to interior of the biomass particles is a key factor of pyrolysis reaction, it is necessary 
to achieve the high thermal conductivity of the pyrolysis process.  
One recent idea has been to conduct pyrolysis in the liquid phase as an effective 
method of reducing heat transfer issues. Liquid phase pyrolysis (LPP) uses a high 
boiling point carrier oil as heat transfer medium which requires the temperature of the 
reaction to be reduced to avoid evaporating the solvent[85, 86]. The idea is that as the 
biomass breaks down into small MW, and therefore lower boiling point products these 
can be collected through condensation of the reactor exhaust.  
Liquid pyrolysis phase has been demonstrated at the OMV refinery in Vienna started 
running with a 100 kg of biomass per hour. The process is performed at atmospheric 
pressure, with the bio-oil collected through continuous distillation. The oil is then 
upgraded with standard hydrotreatment [87]. It was found that LPP process was 
greatly significant for heat capacity and improvement of heat conductivity for the 
isothermal process. LPP biochar provided the high-quality product which have benefits 
for many applications of the industry. The highest liquid oil yield was found to be 25–
28% at a temperature of 350°C [87].  Pucher et al. [88] investigated the catalytic 
hydrogenation of dehydrated liquid phase pyrolysis oil. They found that pyrolysis oil 
from the liquid pyrolysis phase resulted in a lower transportation cost with increasing 
the density and productivity of future upgrading pyrolysis process. They also studied 
the activity of catalysts in the HDO process of dehydrated LPP including Ru/C, and 
Pd/C. The results showed that the Pt/C provided the best catalyst to produce pyrolysis 
oil with the highest yield of 56%.  Berrchtold et al. [89] also investigated upgrading 
liquid-phase pyrolysis via fluid catalytic cracker from biomass (spruce and wheat 
straw). Vacuum gas oil was used as heat carrier oil in fluid catalyst cracking which 
allow a definite component of hydrocarbon transferred into carrier oil during the 
process.  
1.6 pressure less catalytic depolymerisation 
Due to an attempt of reducing the processing cost of pyrolysis bio-oil products, a 
company, AlphaKat, developed a technology termed pressureless catalytic 
depolymerisation (KDV in the original German) which has been considered as an 
alternative technology to pyrolysis, incineration, and gasification. The KDV system 
runs at lower temperatures to the LPP process, and reportedly uses a catalyst to aid 
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in the production of hydrocarbons from biomass. KDV pilot plants have been 
constructed in Germany, Mexico, Japan, and Korea [90]. The KDV process is reported 
to convert all kinds of organic substances. This process has been claimed to be 
successful at atmospheric pressure and temperature between 280-320 °C [91].  
The major difference of this process compared to the LPP process is the addition of a 
binding cracking catalyst with hot heat transfer medium which can be reused again 
after going through the process. This is coupled to circulating the medium through a 
high friction turbine, that reportedly gives the required energy to break the biomass 
down in to smaller molecules. Reportedly, the catalyst acts as ion exchanger which 
deoxygenates the feedstock [90]. All of the materials are then mixed and heated up to 
around 250 °C in the friction turbine. Biomass then is separated by the KDV-process 
along with some carrier oil in the ‘Ash-plant’ where the hydrocarbons are vaporised for 
asphalt production (Figure 1.6-1).  
Catalytic depolymerisation is thought to take place at the temperature between 280 
and 320°C [91]. The company claim that during the reaction, hydrogen is generated 
from the biomass and aids the production of hydrocarbons [92]. The company reports 
claim that the KDV process occurs in the closed system which there is no gas emission 
to environment. Condensation observed in the KDV process is estimated in three 
fractions, consisting of the boiling point from 50 to 150 °C resulting in petrol, 150 and 
350°C similar in diesel boiling point, and non-condensable gases. However, there are 
no peer-reviewed effective, scientific studies supporting these claims for the KDV 









Figure 1.6- 1-Description of catalytic pressure-less depolymerization process 
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1.7 Hydrothermal liquefaction (HTL)  
Pyrolysis requires a dry feed to be effective, and even then, the bio-oil produced is a 
water emulsion. However, all biomass is inherently wet, and drying is therefore an 
energy intensive part of any process. This inherent wetness, is especially true of algal 
or third generation processes which are grown in water. Similar to the LPP process 
however, biomass can also be processed in water at lower temperatures than pyrolysis 
but with the water being maintained in the liquid phase through using a pressurized 
reactor. This type of conversion is termed Hydrothermal Liquefaction (HTL). During 
the HTL process, the polymeric structure of biomass breaks down into a bio-crude oil, 
a gas fraction, a carbon rich aqueous fraction and solid fraction in subcritical water or 
organic solvent medium [93]. HTL is similar to pyrolysis in terms of the target products 
though the operating processing is markedly different. For example, HTL provides 
some benefits over the pyrolysis process as it removes the need for a drying stage 
directly converting wet biomass without the need for an energy use for the drying 
process and thus leads to a significant reduction of costs associated with pyrolysis 
[93]. Typical HTL processing conditions are relatively low temperature (280-370°C) 
and operating high pressure (10-25 MPa) keeping the water below the critical point 
(Figure 1.7-1).  
 
 
Figure 1.7- 1– Water phase diagram 
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Water provides key benefits as it is abundant, non-toxic, non-combustible and 
inexpensive [94]. Under HTL conditions water also plays an important role as a 
solvent, a reactant, and catalyst resulting in opportunities for separation and chemical 
reaction. A low viscosity, density, and permittivity, of water also means that under HTL 
conditions, water has a high solubility to attract hydrophobic components The viscosity 
of water also decreases substantially with temperature, making water an effective 
medium for homogeneous reactions. The dielectric constant also decreases from 78.5 
Fm-1 to 10.5 Fm-1, the solubility of an organic compound such as free fatty acids are 
enhanced. This results in 100 times of the concentration of protons and hydroxide ions 
in sub/supercritical water higher than ordinary water [95]. Acid and base-catalyst 
reactions are processed with non-catalytic HTL to break biomass in sub/supercritical 
conditions [96]. This result leads to the degradation of macromolecules and the 
polymerisation of smaller into larger compounds.  
Converting the biomass through HTL presents a comparably lower energy 
consumption for bio-crude production because the water is kept in the liquid phase 
which avoids the large enthalpic penalty of the phase change to steam. [53, 97]. Also, 
the single-phase fluid found in sub/supercritical conditions excellently eliminates mass 
transfer limitations [97] [53].  






Temperature (K) 298 523 623 673 673 
Pressure (bar) 1 50 250 250 500 
Density, ρ (g cm3) 1 0.80 0.6 0.17 0.58 
Dielectric constant, ϵ (F m-1) 78.5 27.1 14.07 5.9 10.5 
Ionic product pKw 14.0 11.2 12 19.4 11.9 
Heating capacity, Cp (KJ kg-
1 K-1) 
4.22 4.86 10.1 13 6.8 





The bio-crude oil produced from the HTL process contains multiple products 
composed of aliphatic and aromatic compounds, and also a high content of oxygen 
and nitrogen. The bio-crude is also more stable than pyrolysis oil and could possibly 
be refined in existing fossil refineries to increase the biogenic carbon in the traditional 
liquid energy and chemical products. An aqueous phase, as well as a fraction of solid 






Figure 1.7- 2–HTL process for biomass 
1.8 Hydrothermal liquefaction products   
1.8.1 Bio-crude   
The main product of the liquefaction of biomass is a bio-oil component that is normally 
termed bio-crude. HTL bio-crudes are compositionally similar to pyrolysis bio-oils, 
however, they have a far lower O content, H2O content and tend to be far mor[98]e 
stable. HTL bio-crudes are a dark viscous liquid, and energy-dense constituents differ 
from 70 to 95% of petroleum fuel oil [99, 100]. HTL bio-crude generally contains a 
diverse chemical compound of aliphatic compounds, aromatics and phenolic 
derivative, carboxylic acids, esters, and nitrogenous ring structures [101, 102]. The 
chemical compound of bio-crudes has been identified by gas chromatography-mass 
spectrometry (GC/MS). However, the huge number of chemical compositions of the 
bio-crude interrupt effective chromatographic separation [103]. Nuclear magnetic 
resonance (NMR) spectroscopy are also worked for the characterization of bio-oils, 
which can provide the concentrations of chemical functionalities and indications of 
highly substituted aromatic groups[103].  
Bio-crude composition is influenced by the HTL operating conditions such as 























influenced by reaction temperatures: HTL bio-crude from loblolly process at 300°C 
reached to the highest content of acetone and cyclohexane extraction compared to 
reaction temperature at 250°C, and 275°C, which suggests more further fragment 
degradation at an increase in the reaction time [104]. The use of different feedstocks 
significantly affects bio-crude properties.  HTL bio-crude oils contain higher nitrogen 
contents compared to petroleum crudes, especially when the parent biomass contains 
high levels of protein (such as microalgae), this gives rise to undesirably high nitrogen 
content and the N-containing compounds in the HTL bio-crude. Yang et al [105] found 
the individual protein compound in the bio-crude with the addition of nitrogen-
containing compounds (such as DKP, amine and amide). Nitrogenous compounds 
were also observed via GC-MS when bio-crude was produced from swine manure 
[106]. The high nitrogen content has been found when HTL bio-crude derived from 
microalgal biomass because it has a 70% protein content but has been not found for 
the HTL bio-crude derived from lignocellulosic biomass. However, HTL biocrude 
derived from lignocellulosic biomass results in lower yield and higher viscosities than 
bio-crude derived from microalgal biomass, but carbon efficiencies of >50% has been 
found [107].  
The higher heating value (HHV) is defined as the amount of bio-crude’s energy 
content, which can be determined by the proficiency of producing raw material to fuel 
[108]. Bio-crude HHV values show a significant improvement for biomass feedstock 
due to about 50% of oxygen removal from biomass during the HTL process, resulting 
in HHV bio-crude of 30-40 MJ kg-1.  
Viscosity is an important measurement factor to regulate the flow behaviour of liquid 
fuel. The typical viscosity of HTL bio-crudes is very high, 10-1000 times higher than 
petroleum diesel. Bio-crudes with lower viscosity tend to have lower amounts of 
polymeric species which is important for future application of bio-crude in fuel refining 
and direct application. The presence of catalyst could reduce the viscosity and produce 
more light-fraction in bio-crude[109]. Bio-crude produced from various feedstock and 














Lignocellulose     
Aspen wood and 
glycerol mixture 
- - 34.3 [110] 
Aston wood 210, 40 °C 1.076 37.4 [111] 
Forestry residue 
waste (in the 
addition of CoMo 
and NiMo) 
78, 40 °C 0.966 41.1 [112] 
Algae     
Nannochloropsis 187, 40 °C 
48, 60 °C 
- 33-36 [109] 
Spirulina platensis 190, 40 °C 0.970 34 [113] 
Fuel     
Diesel 1.1–3.5, 40 
°C 
0.850 45.1  
Biodiesel 1.7–5.3, 40 
°C 
0.880 40.5  
 
Bio-crudes tend to have a high metal composition, with Ca, Mg, K, Na, Al, Fe all 
present, especially for bio-crudes produced from high-ash biomass such as 
macroalgae. Previous investigates have reported that the presence of alkaline earth 
metals and calcium carbonates can have a positive effect during HTL of algae [114, 
115]. High metal content can bring impacts in refining of bio-crude, for example, 
decreasing catalyst activity, destroying, and coking [116, 117]. 
1.8.1.1 Bio-crude upgrading to transportation fuels   
Solvent extraction is widely used for the purification of bio-crudes in the lab. An 
extensive range of extraction solvents has been studied, particularly with differing 
polarities such as tetrahydrofuran, chloroform, dichloromethane, ethyl acetate, and 
ethanol. Recently, Watson et al. [118] studied the effects of the extraction solvent 
(acetone, dichloromethane, and toluene) on HTL bio-crude, they found that the 
presence of dichloromethane resulted in the maximum production of bio-crude 
21 
 
for Chlorella sp. (48.8%), toluene for Nannochloropsis sp. (23.3%), and acetone for 
Enteromorpha pr. (9.8%). Besides, a nonpolar solvent is more effective for separation 
of HTL bio-crude produced from high protein content feedstock [119]. These results 
are due to the increased addition of cyclic nitrogen compounds produced by the 
Maillard reaction between amines and sugars during the liquefaction of high-protein 
content feedstocks, which can act as radical scavengers and prevent radical chain 
reaction [120].  
Fractional distillation has been used to enhance the properties of bio-crude via 
separation based on their boiling point. Useful mixtures of bio-crudes are separated 
into liquefied petroleum gas (LPG), gasoline, kerosene, and diesel. Fractional 
distillations for producing bio-crude of Spirulina sp. and Tetraselmis sp. were 
conducted by vacuum distillation [121]. Results showed that bio-crude properties were 
improved with the reduction of oxygen and metallic content. The oxygen content from 
Spirulina sp. reduced from 7.9 wt.% for bio-crude to 1.3% wt.% for distilled bio-crude, 
while the oxygen content from Tetraselmis sp. reduced from 12.5 wt.% for bio-crude 
to 0.4% wt.% for distilled bio-crude at 350°C. On the Spirulina sp., the nitrogen content 
decreased slightly from 6.9 wt.% for bio-crude to 3.8 wt.% for distilled bio-crude, and 
a slightly decreased nitrogen content was also seen for Tetraselmis sp at 350°C (from 
5.7 wt.% to 3.9 wt.%).  Bio-crude derived from food processing waste and animal 
manure was also investigated, it was found that bio-crude could be refined into 
fractions with similar heating value to petroleum diesel [122]. 
However, the most common bio-crude upgrading process is through 
hydrodeoxygenation (HDO), which involves hydrogenation and oxygen-removal. 
Pacific Northwest National Laboratory [123] conducted catalytic hydrotreatment of 
high pressure and pyrolyzate biomass liquefaction products using model compounds 
(alkyl phenol and naphthol). Results observed that the presence of sulphide CoMo and 
Ni provided the greatest effect for the process because they gave high specificity with 
less saturation of aromatic, this is expected to be useful for producing fuel similar to 
gasoline. However, the use of sulphide catalysts resulted in sulphur in HDO products. 
Ru/C was reported to a HDO products with the lowest sulphur, highest hydrocarbon 
content, and highest heating value (compared to Ru/C, Pd/C, Pt/C, Pt/γ-Al2O3, Pt/C-
sulphide, Rh/γ-Al2O3)[124].  
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Besides, catalytic cracking can be achieved with moderate conditions with reducing 
gases and coke and improving the yield of liquid products. Catalysts used in cracking 
are zeolite, silica-alumina and molecular sieves. There have been a few investigated 
on cracking bio-oils with zeolites [125, 126].  
The co-processing of blending bio-crudes with conventional petroleum refining could 
be considered as an alternative method to hydrotreatment. Lavanya et al. was the first 
to study the blending of 10% algal biocrude with  Narimanam crudes for co-processing 
to produce biofuels [127]. S and N content skewness were higher in the presence of 
marine and fresh water algal blends related to pure Narimanam fuel. A 10% blend of 
biocrude with Narimanam crudes was observed to be effective to reduce the negative 
effect of impurities in the refining process. Lavanya et al. also reported that this 
process can be applied for downstream processing of bio-crude with reducing capital 
costs and can be applied in the vehicles without the need for engine change.  
1.8.2 Aqueous phase  
Other important products are produced alongside the bio-crude in the HTL process. 
As the reaction is performed in water, the aqueous stream is large and has potential 
for value utilisation. In general, the compound identified in aqueous contains large 
quantities of organic carbon, nitrogen, as well as toxic components such as heavy 
metals and cyclic nitrogenous compounds [128].  
Various essential nutrients in aqueous phase at appropriate concentration could 
successfully support plant and microorganism growth. Jena et al[129], for example, 
used the aqueous phase for cultivating Chlorella minutissima without the addition of 
any external nutrients. It was found that 50% of biomass production increased 
compared to those obtained in a synthetic medium. The high content of N, P, K, Fe, 
Ca, and Mg in the aqueous phase can be used as a potential medium for microalgal 
cultivation [128, 130, 131]. The aqueous phase can be recycled to use as a source for 
nutrients for algae cultivation, with exploiting bioenergy production of nutrient input 
derived aqueous phase. The amount of nitrogen from aqueous containing medium to 
biomass is usually more than 50%, with a high concentration of 78.39% nitrogen 
content in the HTL aqueous phase produced from microalgal found by Jena et al.[129]. 
A high 99% of phosphorous and 40-100% of ammonium can be recovered by struvite 
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precipitation [132]  and can be used for various applications including algal 
culture[133].  
The aqueous phase has also been recirculated for utilization as co-solvent to 
investigate the possibility of employing wastewater reuse for bio-crude oil production. 
In general, all previous studies reported an improvement in bio-crude products and 
organic carbon content in the aqueous phase. Zhu et al. found an increase in bio-crude 
yields derived from barley straw which increase slightly by 3% after using three cycles 
of aqueous recycle, the HHVs biocrude production also slightly increased with no 
apparent differences in elemental distribution[134]. This finding is similar to the study 
of using three rounds of aqueous recycle from Salix psammophila [135]. The large 
total carbon organic increase was found in co-liquefied aspen wood with glycerol, 
which increased from 54 to 136 g/L [110]. Recently, Shah et al. reported that the 
energy recovery in the form of bio-crude of sewage sludge increase by 50% with the 
use of aqueous product recirculation, while nitrogen content in the bio-crude was 
doubled after eight rounds of aqueous recycle [136]. Recycling aqueous phase also 
has been reported successfully for microalgal biomass (Chlorella vulgaris), with the 
biocrude products increased by about 33 wt.% and 16 wt.%  for Na2CO3 and formic 
acid catalyst, respectively [137]. However, the high organic carbon content and toxic 
substances are accumulated which required the treatment for recalcitrant 
contaminants [138, 139]. 
The aqueous phase has been suggested as a resource for energy recovery. Elliott et 
al. [140] applied the aqueous phase to use as catalytic hydrothermal gasification 
(CHG) for HTL continuous processing of Saccharina spp., resulted in high methane 
and carbon dioxide gas production. Nitrogen in CHG feedstock remains recovered in 
the aqueous effluent. Gas produced from the CHG process can be used in combined 
heat and power applications. Hydrothermal gasification has also been demonstrated 
for hydrogen production to achieve the need of hydrogenation for the bio-crude 
[141]. Anaerobic digestion of aqueous phase of HTL also reported as the potential 
pathway to increase energy recovery. Chen et al. investigated methane potentials of 
the aqueous phase from rice straw [142], they found the highest methane of the 
aqueous  production of 314 mL CH4/g COD with a lower amount of furans and phenols. 
Combining HTL with anaerobic digestion of food waste has also resulted in higher 
energy product recovery [143]. Supercritical water gasification of aqueous phases 
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from HTL macroalgae species was demonstrated by Duan et al. It was found that this 
process could enhance the energy recovery from algal biomass which consisted of 
mainly fuel gas, H2 and CH4 [144].  
1.8.3 Solid residue  
HTL conversion of biomass into biofuel also produces a solid residue. Though the 
composition is different from solid residue derived from high temperature pyrolysis. 
HTL solid residue, for instance, contains less quantities of heavy and alkaline earth 
metals as a significant amount of carbon can deposit in this phase depending on the 
feedstock [145]. HTL solid char derived from lignocellulosic material contains high 
content of carbon, hydrogen, and nitrogen, while the high nitrogen content is found in 
a microalgal biomass. The heating value observes to be relatively low for macroalgal 
biomass (e.g. 4.0 MJ kg-1 for marine Ulva [117]), but  an HHV increase has been 
observed for oil palm bio-char (e.g. 20.3 MJkg-1)[146].  
HTL bio-char has a high surface area and pore volume but is rich in surface functional 
groups [147, 148]. Bio-char with specific surface acts as a remediation implement to 
absorb organic and inorganic contaminants. For example, HTL bio-char produced from 
pinewood and rice husk were effective to remove lead from water [149]. HTL bio-char 
produced from C. vulgaris biomass also was activated as an adsorbent in wastewater 
treatment technology for removing organic pollutants (COD, NO3, NH3 and PO4). 
These investigations have revealed HTL biochar as one of the potentials for target 
pollutants.  
Based on their composition, bio-char can also be used as co-fired with coal or used for 
soil amendment [150]. Bio-char has been used for carbon sequestration by Jain et al., 
who presented an improvement of reactivity (oxygen functional group) and mesopore 
area for coconut shell hydrothermal biochar [151]. H2O2 could be used to enhance the 
oxygen functional groups on the solid char to further improvement for the porosity of 
activated carbons [152].   
1.8.4 Gas-phase production   
The gaseous products obtained from HTL consists mainly of CO2 [153], small 
quantities of CO, H2, and CH4 [154]. Brown et al. produced the gas molar composition 
consisting of 66.2 mol% CO2 and 29.7 mol% H2, and small quantities of CH4 (1.9 
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mol%), N2 (0.43 mol%), C2H4 (1.2 mol%) and C2H6 (0.6 mol%)[155]. The CO2 content 
decreased once the critical point of water was exceeded, while the CH4 and CO 
contents increased. HTL gas has low CO content due to the oxygen removal in HTL 
via decarboxylation, instead of decarboxylation, and the CO produced reacts readily 
and generates CO2 and H2 through the water-gas shift reaction [156]. 
The gaseous products that contain largely CO2 may be recirculated for the algae 
cultivation [130], while the H2 may be utilized for future hydrotreating of the production 
of bio-crude [95]. Therefore, gas production is also another useful by-product for a 
biorefinery.  
1.9 HTL process mechanism  
The general mechanism of the HTL process is extremely complex and as such has 
not been identified extensively in the literature. This is mainly due to the difficulties in 
online monitoring under these conditions, and the rapid conversion of the components 
in the slurry on reaction. However, many complex reactions are known to occur during 
the conversion of biomass into bio-crude [157], which leads to the formation of solid, 
liquid, and gas intermediates, and the interaction between solvent and reaction 
intermedia. Under HTL conditions, overall, the biomass is broken down into smaller 
molecules that are repolymerized into a hydrophobic, crude component [158]. 
Although the biomass contains carbohydrate (cellulose, hemicellulose, starch) lignin, 
lipid, and protein which are reported HTL reactions individually, the overall HTL 
reaction kinetics and mechanism are different for actual biomass than just the sum of 
the single species. Generally, the decomposition of biomass components in subcritical 
water conditions, however, follow three main reaction stages[96]: 
i) Hydrolysis or depolymerization of the biological polymers 
ii) Degradation of monomer by cleavage, dehydration, decarboxylisation 
and deamination 
iii) Condensation, polymerization, isomerization, and recombination 
The HTL reaction starts with hydrolysis, where the protein and carbohydrate 
macromolecules form water-soluble oligomers and monomers. The oligomers and 
monomer can undergo further degradation, repolymerization or have their functional 
groups reduced.  
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Cellulose, the most prevalent polysaccharide in biomass, is a linear polysaccharide of 
glucose monomers, connected by β-1→4 glycosidic bonds. Hydrothermal degradation 
of cellulose consists of two major steps: saccharification and carbonization [159]. 
Water-soluble sugars are the major intermediates in saccharification, carbohydrate 
intermedia such as fructose and glucose are detectable at a low operating temperature 
for example. These sugars are then decomposed through dehydration, 
decarboxylation, and aromatization leading to acetic acid, acetaldehyde, 
glyceraldehyde, glycoaldehyde, furfural derivatives. Repolymerization of water 
insoluble products results in production of solid-char [53]. The overall degradation 
route of glucose is shown in Figure 1.9-1.  
Another large saccharide portion in biomass is hemicellulose. This polysaccharide is 
highly varied and consists of a wide range of sugar monomers such as xylose and 
mannose monomers, glucose and galactose. Hemicelluloses have different crystal 
structure and resistance comparing to cellulose. This leads them to be more conducive 
to hydrolysis and they can be solubilized and hydrolyzed in water at 180⁰C. Xylose is 
a major breakdown product of the hemicellulose and further degrades to form a 
pyranose ring, a furanose ring or an open chain structure. The pyranose ring can 
produce furfural, while its open chain form can react to form glyceraldehyde, 
pyruvaldehyde, formic and lactic acids. 
The carbohydrates in biomass are fundamentally polymers of monosaccharides that 
are rapidly hydrolysed under subcritical conditions. Glucose is the main hydrolysis 
product. Glucose itself reversibly isomerizes into fructose. The rate of glucose 
isomerization to fructose was essential in hydrothermal media. The fructose itself is 
rapidly decomposed at 300-400⁰C and pressure of 25-40 MPa through isomerization, 
dehydration, defragmentation, rearrangement and recombination resulting in the 
production of phenols, furans, acids and aldehydes. Phenols are a second possible 


















Figure 1.9- 1–A simplified reaction mechanism for carbohydrate degradation at 
subcritical/supercritical conditions [96] 
Lignin is another main component contained in the structure of lignocellulose which is 
more irregular in structure and higher molecular weight than hemicellulose. Lignin 
consists of an aromatic heteropolymer containing p-hydroxyphenyl (H), guaiacly (G), 
and syringyl (S) monomers. Lignin is a phenolic compound consisting of a variety of 
linkages connecting three phonylpropane units connected by α-O→4 and β-O→4 
bonds [160]. Due to the decrease in the density of water and an increase in ionic 
products under HTL conditions, hydrolysis of lignin increases and leads to the 
deposition of lignin to its low molecular weight components, consisting of phenols and 
methoxy phenols which are decomposed through hydrolysis of ether-bonds and can 
also be further degraded via hydrolysis of methoxy groups. However, benzyl aryl 
ethers, benzonitriles, pyridine carbonitriles, benzamides, and cyclohexyl phenyl 
compounds remain bound in the crosslinked structure of lignin below 260⁰C. 
Hydrothermal liquefaction of lignin results in a substantial production of solid residue.   
Proteins are an essential component in some lignocellulosic materials, and in third 
generation resources such as macroalgae. Proteins are polymers of amino acids, each 
linked to its neighbour through a covalent peptide bond. During the hydrolysis of 
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biomass, protein is firstly hydrolyzed to peptides and amino acid through two main 
paths including deamination and decarboxylation [96]. A considerable fraction of the 
nitrogen in proteins is incorporated into the bio-crude products during subcritical 
temperature, while nitrogen as ammonia is incorporated into the aqueous phase 
products. Maillard reactions between amines and sugars lead to the formation of 
nitrogen containing cyclic organic compounds such as pyridines and pyrroles. The 
formation of these compounds can act as radical scavengers and inhibit radical chain 
reactions that are extremely relevant for gas production at sub/supercritical conditions 














Figure 1.9- 2–A reaction mechanism for cellulose and protein degradation at 
subcritical/supercritical conditions [79] 
1.10 HTL operational parameters  
1.10.1 Temperature  
Reaction temperature has been identified as one of the most essential operating 
parameters in HTL processing and strongly effects bio-crude yield and properties. The 
temperature enhances the synergetic effect on the yield of bio-crude oils due to 
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extended biomass fragmentations with an increase in temperature. The 
depolymerization of biomass occurs when the temperature is higher than the activation 
energy for the bond cessation. The effect of the reaction of temperature on the product 
yields is sequential. Firstly, the increase in temperature activates the biomass and the 
polymeric structure begins to depolymerize. A series of reactions then yield liquid fuel 
production, however, at these high temperatures the crude components will 
themselves begin to degrade, leading to the formation of gaseous components. In 
addition, at high reaction temperature, the concentrations of free radicals are high, and 
the recombination of free radial reactions contributes to a large char deposition in the 
solid residue. For example, a temperature below 280°C leads to incomplete 
decomposition of individual biomass components (lignin and cellulose fragments). 
Whereas 300–350 °C is optimal for bio-crude production.  
Figure 1.10-1 shows the difference in terms of bio-crude oil produced from biomass 
as a function of temperature. 300-315°C was observed to be optimal operation 
conditions for bio-crude oil by the investigations of  Zhou et al. [102], Yin et al.[101], 
Sugano et al. [162],  and Qu et al. [163]. Biomass feedstocks reported were 
macroalgae, cattle manure, wastewater, and Cunninghamia lanceolate, respectively. 
Xiu et al. found that bio-crude yield of manure increased when increasing temperature 
from 260 to 340 °C [164]. The synergetic effect of bio-crude yield increase with 
temperature increase were also reported by the study of Karagöz et al. The bio-crude 
oil yields were observed to be 3.7%, 7.6%, and 8.5% at 180°C, 250°C and 280°C, 
respectively, but gas formation increased when temperature higher than 374°C used 
[165]. 
Reddy et al. also reported that the bio-crude yield obtained from the HTL of 
Nannochloropsis gaditana and Chlorella sp. increased when the temperature 
increased, increasing from 16.85% to 47.5% at a temperature from 180 to 330°C for 
Nannochloropsis gaditana [166]. However, 79% of energy in the Nannochloropsis sp. 
was recovered at 330 °C, while 62% of energy recovery from Chlorella sp. was 
recovered at 200 °C. Zhu et al. conducted HTL of barley straw at 280°C and 400°C, 
the result showed that quality of the bio-crude oil had been enhanced due to low 




Figure 1.10- 1–Bio-crude oil yields as a function of temperature 
1.10.2 Heating rate and residence time 
As temperature has a large effect on bio-crude yield, the optimal temperature for bio-
crude production will also lead to a reduction in the crude yield if the reaction mixture 
is held under conditions for too long, therefore heating rate is key to the successful 
operation. As such, heating rates have been reported as one of the most significant 
factors affecting bio-crude oil yields. Several researchers indicated that higher heating 
rates and short residence times tend to increase the production of bio-crude oil. For 
instance, Nelson et al. suggested that faster heating rates reduced the unavoidable 
disconnection and recombination of the initial products [167]. For example, when the 
heating rate increased from 5 to 140°C min-1 , the bio-crude yield increased 
from 50 wt.% to 70 wt.%, while gas and solid formation decreased [168]. However, the 
heating rate had no significant effect on the chemical composition of the HTL products 
[168], the composition of bio-crude products is dependent on biomass species. The 
fast heating rate has also been found to be beneficial on the yield of bio-crude by Xiu 
et al. The maximum bio-crude oil obtained of 21 wt.% at a retention time of 15 min, 
while the bio-crude oil decreased to 12.5 wt.% at a residence time of 90 min [164]. 
The formation of bio-crude oil during HTL reactions consists of beneficial primary 
reactions (pyrolytic and hydrolytic degradation) and non-beneficial secondary 
reactions (recombination and secondary cracking) [169]. Secondary reactions 
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formations especially under supercritical conditions. Appropriate heating rates tend to 
bring extensive fragmentation and insignificant secondary reactions. Furthermore, fast 
heating rates are sufficient to succeed in heat transfer restrictions to increase in bio-
crude productions [170].  
However, a very rapid heating rate and short residence time leads to high levels of 
oxygen in the crude product, which must be removed through hydrogenation. Long 
residence times on the other hand, tend to favour polymerisation reactions resulting in 
lower bio-crude oxygen content and higher carbon content and leading to higher high 
heating values. For instance, Julia et. al. found that the oxygen content for 
Nannochloropsis sp. decreased from 12.21% to 8.48% for 10 to 90 min reaction times, 
respectively at HTL temperature of 350 °C [171]. The properties of the liquid fuels tend 
to be better when processing at the long residence times, meaning that long residence 
times become more appropriate for bio-crude upgrading due to low hydrogen needed 
for hydrodeoxygenation. The higher heating value observed at long residence time 
also leading to higher overall energy recovery.  
1.10.3 Particle size  
In pyrolysis, where heat transfer is key, small particles are vital to increase the surface 
area and reduce char formation. In HTL, there is less of an effect, due to the water 
medium that the reaction is undertaken in. However, small particle sizes have some 
benefit particularly for continuous processing because it is beneficial for the biomass-
water-bio-crude slurries pumpability [172]. It also has been observed that the size 
reduction of biomass costs a considerable amount of energy.  
However, pumping aside, particle size is relatively insignificant. For example, Raikova 
et al investigated the particle size between 125 μm < n < 1.4 mm on the bio-crude 
yield of macroalgae at 350°C. It was found that the particle size did not have a 
significant effect on bio-crude products, using the largest particle size seems to 
enhance the high-cost and energy saving  [173]. Similarly, Zhang et al. investigated 
the effect of 1 inch, 2 mm and 0.5 mm on the bio-crude oil yield in HTL of grass 




However, reducing particle size comes at a large energy penalty. Coarse grinding 
needs less energy whereas fine grinding needs large energy inputs with a slight 
increase in surface area. Mani et al. investigated grinding performance and physical 
properties. It was found that grinding cost was reduced from 27.6 kWht-1 to 11.0 kWht-
1 when processing particle size from 3.2mm to 0.8 mm (during dry grinding of wheat 
straw, barley straw, and switch grass) [175]. The biomass particle sizes of 4-10 mm 
are suggested for overcoming heat and mass transfer restrictions for appreciate 
grinding costs [170]. This is another advantage in using HTL over pyrolysis. 
1.10.4 Reducing gas/hydrogen donor 
Reducing gases are used in HTL reactions to stabilise the fragmented products of 
liquefaction. Reducing species inhibit the condensation, cyclization, or 
repolymerization of free radicals, and results in reducing char formation. H2 appears to 
be a potential reducing agent, but it presents a costly option. CO, N2, and Ar have also 
been applied to offer a reducing environment. The effects of various reducing agents 
(CO, H2, N2, and air) on the bio-crude products of cattle manure were studied through 
HTL process by Yin et al. [101]. The result showed that CO and H2 were the most 
potential reducing agent and provided the highest bio-crude oil yield of 50% at 310°C. 
Reducing gases (CO, H2) give higher bio-crude products than inert gas (nitrogen and 
argon). However, the hazardous nature of reducing gas need specific pyrolyzers to 
prevent the gas channelling and maldistribution during operation [170].  
Hydrogen donor solvents have also been reported as an alternative to reducing gases, 
proving a more desirable option to hydrogenate the biomass fragments compared to 
reducing gas. Many solvents can be used as effective hydrogen donors as long as 
they can donate hydrogen to unstable biomass fragments [176]. For example, the 
presence of alcohol has been shown to result in reducing low-rank coal into bio-crude 
oil [177, 178]. These suggest that alcohol is connected to the action of the hydrogen 
donor and its alkylating ability. A reduction of viscosity of bio-crude oil derived-biomass 
was observed in the presence of organic solvent by Demirbas [179].  
Acids such as formic acid can also act as a hydrogen donor to convert bio-crudes to 
hydrocarbons via following reaction, Bio-Oil + HCOOH  hydrocarbon + H2O + CO2. 
Solvolysis on lignin using formic acid and ethanol has been studied, with the 
combination of solvents obtaining high-quality liquid oil products [180]. 
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Hydrogen donor solvents such as tetralin and decalin have more substantial 
enhancement in terms of conversion and contribution to bio-crude products, resulting 
from the increasing of hydrogenation and hydrocracking reaction with inhibition of 
polycondensation. Another key benefit of a hydrogen donors is a lower energy bonds 
of C-H in comparison to H-H bond [176]. For example, the presence of tetralin was 
more effective than toluene solvent (non-hydrogen donor) and reducing gas (H2) in 
terms of enhancing the bio-crude yield with low oxygen contents, with bio-crude yields 
of 58.9%, 42%, and <40%, respectively. Resulting in increased higher heating values 
and improved bio-crude properties [181].  
1.10.5 Catalysts for the hydrothermal liquefaction reaction  
There have been efforts to study various catalysts to increase the yield and improve 
the properties of the bio-crude through HTL processing. Most research has focussed 
on heterogeneous catalysts due to the ease of recovery, low corrosion effects, and 
high catalytic performance [182, 183]. Heterogeneous catalysts such as Ni–Mo 
sulphide, MoS2 in the hydrothermal upgrading have been investigated for the 
hydrodeoxygenation of model compounds such as phenol [184, 185]  
One of the most researched heterogeneous systems are inorganic salts. For example, 
Kong et al. suggested that lactic acid could be produced from the catalytic HTL of 
lignocellulosic biomass in the presence of ZnSO4, CoSO4, NiSO4, Cr2(SO4)3 [186]. The 
effect of metal oxide catalysts on supercritical water conversion of empty fruit bunch 
derived from oil palm residues was investigated, the authors found that CaO, MnO, 
La2O3 and CeO2 gave the highest bio-crude (∼1.40 times that non-catalytic run) [187]. 
Raikova et al. investigated the suitability of using HTL to process metal contaminated 
Spirulina. This resulted in a positive catalyst effect, metal in the bio-crude oil increased 
with increasing  addition of Mg, Zn and Fe at 310 °C (bio-crude increased from ∼36 % 
for non-additional metal to ∼45% for high uptake metal content). Rojas-Perez et al. 
studied the effect of an ultrananocrystalline Fe3O4 (UNCFO) catalyst on the production 
of refined bio-crude via a HTL process using Ulva fasciata macroalgae as biomass 
[188]. It was found that the bio-crude yield substantially increased as the use of   
UNCFO increased, resulting in the bio-crude yield increasing from 23.3% for non-
catalytic HTL to 32.4% for 1.2 wt.% UNCFO loading. Fang et al. found that adding 10 
%(w/w) iron (III) chloride as co-catalyst in 60% ethanol positively affected bio-crude 
yield in liquefaction of untreated switchgrass, increasing from 55.7 ± 1.5 to 67.6 ± 2.5% 
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at 200 psi, 210 °C, 24 hour [189]. This improvement was thought to occur because the 
acidity provided by FeCl3 in aqueous ethanol promotes further decomposition of 
hemicellulose and lignin due to chelation with Fe (III).  
Recently, Egesa et al. studied the efficiency of ferrite magnetic nanoparticles in 
efficient spirulina separation from a culture medium, finding that magnetic 
nanoparticles gave a separation efficiency while extracting algae from an aqueous 
solution of 99%. They also used magnetic nanoparticles as an HTL catalyst, results 
showed an increase in production of bio-crude oil from 23.2% for pure spirulina to 
37.1% for that with the magnetic nanoparticles. Also, recycled magnetic nanoparticles 
were still effective in microalgal-separation and HTL catalysts, with a separation 
efficiency of 96.1% and bio-crude yield was increased by 7%[190]. This finding could 
potentially reduce the cost of advanced algal biofuels leading this process to be 
preferred compared to petroleum fuels.  
Duan and Savage systematically investigated noble metals supported on carbon 
(Pt/C, Ru/C, Pd/C, Ni/SiO2-Al2O3, CoMo/γ-Al2O3, and zeolite) in the liquefaction of 
Nannochloropsis sp. The authors found that Pt/C increased bio-crude yields with the 
highest carbon and hydrogen contents and HHV. The presence of Ru and Ni catalysts 
were observed to give an increase in methane, while significant amounts of N2 was 
observed in the addition of zeolite catalyst [182]. This indicated that the interaction 
between ammonia and cationic zeolite is dominated by an electrostatic reaction 
between counter-ions and the lone-electron pair of nitrogen atoms[191].  Robin et al. 
investigated the activity of HZSM-5 doped with metal (Mo, Ni, Cu, and Fe) in the 
liquefaction of P. ellipsoidea. sunflower oil, Chlorella vulgaris and soy protein [192]. 
Although the presence of metal/HZSM-5 gave an overall decrease in the bio-crude 
yield, the bio-crude properties were found to be improved. For example, MoZSM-5 
increased the production of aromatic compounds, while NiZSM-5 and CuZSM-5 
enhanced the deoxygenation. This observation will be important for further 
investigation of the performance of metal/zeolites for bio-crude upgrading in 
sub/supercritical conditions. 
Homogenous catalysts have also been examined in the hydrothermal liquefaction of 
biomass. K2CO3, KOH, Na2CO3, and NaOH of wood biomass were investigated, the 
bio-crude oil yield with non-catalytic HTL was observed at 8.6 wt.% and was found to 
increase bio-crude oil to 33.7 wt.% for 0.94 M of K2CO3. The catalytic activity was 
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observed in the following order; K2CO3> KOH,>Na2CO3 >NaOH [193]. The presence 
of K2CO3 also had a positive effect on the production of bio-crude of barley with an 
improvement in energy efficiency reported [134]. Jena et al, investigated the 
liquefaction of microalgae Spirulina platensis by using Na2CO3, Ca3(PO4)2, and NiO. 
Results observed that Na2CO3 gave a positive effect on production bio-crude, which 
was ∼29%, ∼71% and ∼50% higher than non-catalytic, NiO and Ca3(PO4)2 catalysts 
respectively [194]. 5% Na2CO3 in the liquefaction of marine macroalgae Enteromorpha 
prolifera also produced the highest bio-crude yield (23.0 wt.%) [102]. However, Li et 
al. investigated 5% Na2CO3 in the liquefaction of Sargassum patens C. Agardh. 
Results showed the presence of Na2CO3 led to a decreasing of the bio-crude products 
and an increase of gas and aqueous phase products [195]. The similar findings were 
reported for KOH catalysis of the brown macroalga Laminaria saccharina ,a maximum 
bio-crude yield of 19.3 wt.% was obtained for  non-additional catalyst at 350°C [196].  
1.11 HTL continuous processing  
Continuous processing is the key to making HTL an industrial process. The benefits 
of continuous processing include a high throughput and enhanced energy recovery, 
both key to a biofuel production platform. Continuous reactors require a feeding 
system that operates under pressure and consist of either slurry pump or lock hopper 
systems [107]. Forming water slurries of biomass particles are required to maintain a 
continuous flow. For microalgal biomass, pre-treatment is imperative as their particle 
size is relatively small, this means that they need the complexities of pumping slurries 
to the reactor. The processing of lignocellulosic biomass may require grinding or 
maceration. Algae needs dewatering prior to processing due to their high moisture 
biomass contents. High moisture content and low biomass feed concentrations have 
negative effects on HTL product recovery [197]. This can lead to an increase of 
unnecessary costs for processing excess water [121]. The slurries with small particle 
biomasses can affect an energetic cost in biomass pre-processing. Low operational 
cost can be achieved in the utilisation of high slurry concentrations and large particle 
sizes, but this complicates the logistics of pumping. Higher efficiency pumps can be 
used to enhance biomass heating rates which have been reported to increase bio-
crude conversion [197]. Complex reaction processes are not needed for lignocellulosic 




Although continuous HTL processes are regularly conducted as tubular reactors, there 
are also studies where the same conditions were carried out in a continuous stirred 
tank (CSTR). It has been suggested that fouling and plugging problems could be 
minimised  by using CSTR [199]. This contributes to efficient mass transfer that may 
support improved biomass conversion. CSTR was chosen over PER for the luxury of 
handling, to reduce plugging, and to have a temperature control of reaction vessel 
[200]. However, the plug flow type reactor is more economical at the given design for 
a large-scale system [201].  
Previous batch experiments use hydrophobic solvents through the work-up, with the 
solids phase collected through filtration. The separation of HTL product and recovery 
of bio-crude from the reaction mixture in continuous liquefaction can be enhanced by 
applying organic co-solvents [202].  
A high heating value through the continuous process was observed by Elliott et al., 
bio-crude yield of 82 wt.% on a carbon basis was achieved with high slurry contents 
of 34 wt.% on dry solids [140]. The study of Pedersen et al. found bio-crude oil 
properties of aspen wood similarly to gasoline [110]. Mørup et al. also reported the 
advantage of processing the continuous flow reactor enhanced HTL product 
conversions compared to the conventional batch systems [203].   
1.12 Co-processing of plastic with biomass  
The three thermochemical techniques (fast pyrolysis, liquid phase pyrolysis, and 
hydrothermal liquefaction), presented are therefore suitable for the processing of 
biomass or plastics into liquid fuels. However, the co-processing of both sources 
together has only really been investigated heavily in the area of pyrolysis. Plastics are 
organic polymers that originated from petrochemicals and generally contain high 
carbon and hydrogen content. Polyoelfins have little or no oxygen, and HHV similar to 
petroleum fuels.  
1.12.1 Co-pyrolysis of fossil derived plastics with biomass  
Co-pyrolysis of biomass with a hydrogen-rich feedstock, such as a polyolefin, is an 
ideal processing strategy, potentially allowing the stabilisation of the pyrolysis vapour 
and lowering of the overall oxygen content. Co-pyrolysis of biomass and plastic 
mixtures have gained much attention over the last 20 years, demonstrating an 
alternative technique to recycle polyolefins alongside lignocellulosic material, 
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producing a range of high-value products, the recovery of bulk chemicals as well as 
generating renewable energy [204]. The co-pyrolysis also produces superior pyrolysis 
oil with an increase in the yield and producing better properties such as elevated HHV. 
The co-pyrolysis processes are more cost-effective than other conventional 
technologies for improving biofuel due to avoiding the use of solvent, catalyst, or 
hydrogen.  
The available literature on the non-catalytic co-pyrolysis of different biomass types with 
plastic blends is summarised in Table 1.12-1. There has been found that polyethylene 
is widely used for co-materials with biomass, while waste plastics such as 
polypropylene, polystyrene, polyvinyl chloride, and polyethylene terephthalate have 
also been reported[205]. Co-processing of biomass and plastic have been conducted 
in a range of reactors including batch and fixed bed.  
For example, Pinto et al. aimed to valorise of rice crop waste mixture (rice husk and 
rice straw) by co-pyrolysis with PE to produce energy products [206]. A higher yield of 
bio-oil was produced in the co-pyrolysis of rice husk with PE, while more gas products 
were obtained in the co-pyrolysis of rice straw with PE. The pyrolysis oil products 
consisted mainly of aliphatic hydrocarbon (alkanes and alkenes). Aliphatic 
hydrocarbons were also the main component in the bio-oil produced from the co-
processing of an almond shell with HDPE [207, 208]. Xue et al. also found the positive 
synergy between red oak and HDPE in continuous fluidized bed reactor, the result 
obtained with the higher heating value and aliphatic hydrocarbon formation [209]. In 
these studies, the co-pyrolysis with HDPE also seemed to reduce the solid residue, 
presumably as the plastics fragments mainly distributed into the oil phase. Costa et. 
al. reasoned that the presence of HDPE enhanced the biomass conversion and 
improved heat and mass transfer in the pyrolysis reaction [18]. The HHV of the pyrolysis 
oil produced from the co-processing process were all improved in these studies [210]. 
Zhou et al. investigated the kinetics of co-pyrolysis of plastic (HDPE and LDPE) and 
biomass (pine wood sawdust) by using the thermogravimetric method. The 
investigation identified that the thermal degradation temperature of plastic was 438-
521°C, while the thermal degradation temperature of biomass is 292-480 °C [211].   
The co-pyrolysis of polypropylene with biomass created a more varied pyrolysis oil. 
For example, producing a range of long-chain alcohols (C8-C20). The authors 
reasoned that these were obtained from the interaction between cellulose and 
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polypropylene. The highest yield of alcohol was 36 % of the total pyrolysis oil, and the 
highest HHV of 41 MJkg-1 were also obtained for the co-pyrolysis of cellulose and 
polypropylene [212]. The positive synergetic of alder wood, pine wood, and pine wood 
sawdust with PP in the co-pyrolysis has also been reported [213]. Due to these 
reactions, the presence of polypropylene as a co-feedstock did not only generally 
improve the biofuel quality, but also decreased the solid residue forming.  
For the co-pyrolysis with polystyrene, which has a far lower hydrogen to carbon ratio, 
the pyrolysis oil is not as well stabilised, however, in the presence of cellulose a 
substantial increase from 45.5 wt.% yield to 80.10 wt.% yield, compared to cellulose 
alone was observed with 3:1 (cellulose: PS) added to the feed [214].  The substantial 
pyrolysis oil increase was also found in the co-pyrolysis of pine and cellulose with PS 
(from 47.5 wt.% to 69.7 wt.%) for the presence of pine core, and from 46 wt.% to 62 
wt.% for the presence of palm shell [210, 215]. The addition of PS led to the pyrolysis 
oil properties enhanced by decreasing of acid number, pour point, and density. The 
improvement of HHV was also found in the co-pyrolysis of palm shell and polystyrene, 
with the HHV improved from 11.94 MJ kg-1 to 38.01 MJ kg-1.  
The co-pyrolysis of rice straw with PET has also been examined. It was found that the 
pyrolysis oil product was obtained with a higher water content (52.46 wt.%) leading to 
a lower high heating value (14 MJkg-1)[216]. The pyrolysis solid phase produced from 
the co-pyrolysis of wood sawdust and PET might be suitable to apply for soil 
separation [217].  
The effect of co-pyrolysis of the biomass component (cellulose, xylan, and lignin) with 
PVS on the formation of polycyclic aromatic hydrocarbon (PHA) was conducted at 
800°C in a fixed bed reactor coupled with a hydrochloric acid (HCl) absorption system. 
This resulted in an overall decrease of PAH components (polycyclic aromatic 
hydrocarbon) in the tar. It was also observed that the liquid yield was substantially 
increased and HCl yields decreased. In addition, solid residue obtained from lignin 
alone and PVC was examined under the same conditions, the result found that tar 
yield derived from PVC mixed with lignin residue increased and HCl decreased 
substantially. This suggests that lignin bio-char can act as a catalyst which inhibits the 
dehydrochlorination process or promotes the chain scission of PVC [218]. As a result, 
the dehydrochlorination process might not be completed resulting in the production of 
chlorinated oil compounds, which leads to a decrease in PHA concentration [218]. 
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Table 1.12- 1– Summary of studies on co-pyrolysis biomass with plastic. 
Material Reaction 
condition 
Oil yield (wt.%) HHV 
(MJ kg-1) 
Ref. 
Biomass Plastic Biomass  Mixed 
Rice husk PE Parr reactor, 350-
430°C, plastic: 
biomass 4:1-1:1 




Pine cone LDPE Semi-batch glass 
reactor, 500 °C, 
plastic: biomass 1:1  
47.5 63.9 46.3 [210] 
PP 64.7 45.6 
PS 69.7 46.4 
Almond 
shell 
HDPE Fixed bed reactor, 
500°C plastic: 
biomass 1:2-2:1 
NA. 50.9 45.6 [208] 
Red oak HDPE Continuous 
fluidized bed 
reactor, 625 °C, 






HDPE Stainless steel 






Cellulose PP Pyroprobe reactor, 
500-800 °C, plastic: 
biomass 1:3-3:1 





Steel batch retort, 
500-700 °C, plastic: 
biomass 1:9-1:1 
50.3 73.2 NA. [213] 
Pine 
wood 









61 NA. [219] 
PS 67 NA. 
Cellulose PS Pyrex reactor, 
500°C, plastic: 
biomass 1:3-3:1 
NA. 80.1 38.0 [214] 
Palm 
shell 
PS Fixed bed reactor, 
500°C, plastic: 
biomass 1:1 
52.50 61.63 38.01 [215] 
Cellulose PVC Fixed bed reactor, 
800°C plastic: 
biomass 1:1 
NA. 45 NA. [218] 
Xylan 40 NA. 





Oil yield (wt.%) HHV 
(MJ kg-1) 
Ref. 
Biomass Plastic Biomass  Mixed 
Rice 
straw 
PET Fixed bed reactor, 
400-600 °C, plastic: 
biomass 1:1 














PET Drop tube fixed-bed 
reactor, 600-1000 
°C 
NA. NA. NA. [220] 
 
1.12.2 Catalytic co-pyrolysis of plastics and biomass 
An alternative route for upgrading pyrolytic volatiles directly is through catalytic 
pyrolysis. Catalytic pyrolysis has been demonstrated to convert biomass-plastic 
mixtures into higher value pyrolysis oils with enhanced stability, since they can reduce 
the problem of polymerization and re-evaporation of the pyrolysis oil products [221-
224]. Catalytic co-pyrolysis processes have been widely investigated to improve the 
carbon content of petrochemicals (particularly the monocyclic and aromatic 
hydrocarbon), increase the efficiency of carbon in aromatics and reduce coke 
production. The addition of catalyst has enhanced the target product conversion and 
selection via catalytic cracking and refineries [225]. However, researchers found that 
the short lifetime of zeolite catalysts could present the heteroatom via the catalytic 
process. This leads to a large amount of coke formation and deactivates the catalyst. 
Therefore, the investigations of a suitable catalyst with suitable acid sites and acidity 
are the challenges in the concept of commercial production of renewable stabilised 
oils through this route.  
Zeolite-based catalysts have been recognized as arguably the most effective catalysts 
to produce petrochemicals [19, 114, 226, 227]. For example, most studies report the 
use of HZSM-5 in the catalytic co-pyrolysis of biomass with PE, PP, and PS with the 
researchers generally finding a synergy effect in the improvement of aromatic product 
and selectively and reducing coke formation. The summary of the study on catalytic 
co-pyrolysis of biomass with plastics is shown in Table 1.12-2.   
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The most well-researched catalytic co-pyrolysis processes are conducted with 
cellulose as a representative material for lignocellulosic biomass. Li et al. [226] found 
the co-pyrolysis of cellulose with LDPE in catalytic fast pyrolysis leads to a substantial 
increase in aromatics than the catalytic pyrolysis with LDPE alone, and the catalytic 
co-pyrolysis resulted in lower coke formation. In addition, 85.1% of mono-cyclic 
aromatics were observed. The blending of cellulose and LDPE in the addition of ZSM-
5 provided a more obvious synergy due to the Diels–Alder reaction between cellulose-
derived furans reacted with linear olefins LDPE-derived during pyrolysis reaction [228]. 
Dorado et al. studied co-processing of mixtures of biomass and plastics at 650°C by 
using H-ZSM5 and determined the biofuel compositions using a micro-pyrolyzer 
coupled with GC/MS (py-GC/MS). This showed that in the addition of PE and PP 
contributed to the aliphatic products, while PET led to the aromatic formations 
significantly increasing [227].  Moreover, the presence of HZSM-5 in co-pyrolysis of 
switchgrass, corn stalk, and HDPE promoted the carbon efficiency of aromatic 
hydrocarbons. Torrefiled wood was also employed with PS by using HZSM-5 to 
enhance the aromatic production. It was found that oxygenated phenolic compounds 
decreased and aromatic hydrocarbon increased [229] 
Zhang et al. [230] performed the thermal decomposition behaviour and kinetics of 
cellulose/Douglas fir sawdust and LDPE by using ZSM-5 as a catalyst. The authors 
found a synergistic effect existed between biomasses and plastic, which led to an 
improvement in the properties of the pyrolysis oil and reduction in the formation of char 
residue. Kim et al. [231] studied catalytic co-pyrolysis of cellulose and plastics (PP, 
LLDPE) using HZSM-5 and HY. The aromatic hydrocarbon formation was simply 
produced by using HY for both PP and LDPE, while HZSM-5 needed the high 
temperature and high catalyst feed ratio to produce aromatic hydrocarbons.  
Zhou et al. studied the properties of ZSM-5 impregnation with boron on its catalytic 
properties of cellulose and LDPE [232]. This catalyst however had a slight decrease 
in the effective pore size of the zeolites. Li et al. [233] investigated a series of gallium-
containing catalysts (Ga/ZSM-5) and Ga bound into the framework (Ga–Al–Si, and 
Ga–Si MFI) as catalysts for the co-pyrolysis of pine wood sawdust with LDPE. 
Ga/ZSM-5 showed an increase in carbon yield of monocyclic aromatic and olefin 
hydrocarbon but the formation of polycyclic aromatics and alkanes were decreased. 
For Ga–Al–Si and Ga–Si MFI catalysts, it was found that higher yield of aromatics and 
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more valuable products were produced during catalytic co-pyrolysis processing. Yao 
et al. [234]  investigated phosphorus and phosphorus/nickel modified ZSM-5 zeolites 
of pine wood with LDPE. It was found that the yield of olefins and aromatic 
hydrocarbon showed an increase from 42.9 C% to 52 % for ZSM-5 and 54.8 C% for 
P-and P/Ni-modified ZSM-5, respectively. Products decreasing was found in low-value 
alkanes (17.3 C% to 9.6-10.2 C%) and char formation (22.6 C% to18.9-15.7 C%). This 
finding was similar to the investigation of Lin et al. [235],  HZSM-5 favoured the 
production of aromatic, p/HZSM-5 favoured the production of aliphatic hydrocarbons 
(C4-C12).   
Furthermore, Solak et al. studied the product distribution in the pyrolysis of cellulose 
with LDPE over K10, KSF, and bentonite as catalysts. The highest bio-oil yield (79.5 
wt.%) was obtained with non-catalyst fast pyrolysis at 500 °C [236]. The gas formation 
was enhanced by the addition of catalysts. This suggested that the main production 
could be attributed to the catalytic cracking reactions of primary vapours on the acid 
centres of the catalyst.  
Alternative reactors have also been reported on in the catalytic co-pyrolysis, for 
example the catalytic pyrolysis of cellulose and Douglar fir pellets with LDPE by using 
ZSM-5 and a microwave reactor was demonstrated by Zhang et al. [230, 237]. In this 
study cellulose with LDPE enhanced aromatic hydrocarbons and reduced pyrolysis 
char. The aromatic yields were found in the jet fuel (C8-C16 hydrocarbon) in both 
cases of cellulose and Douglas fir pellets. A continuous fluidized bed reactor of the 
catalytic co-pyrolysis was carried out of pine sawdust [114] and black-liquor lignin [225] 
with plastics (PE, PP, and PS). Results showed that LOSA-1 improved catalytic 
performance compared with spent FCC, γ-Al2O3, and sand. Similar results were also 
observed from the co-pyrolysis of black-liquor lignin with PE. The highest of 
petrochemical yield for the co-feeding of plastics was PS >PE > PP. Meanwhile, the 
maximum aromatic products (55.3%) was observed in the presence of lignin with PS, 







Table 1.12- 2–Summary of studies on the catalytic co-pyrolysis biomass with plastic. 




Biomass Plastic catalyst Temp 
(°C) 









PET  HZSM-5 650  NA.  [227] 
PP    
LDPE    
HDPE    
Cellulose LDPE  HZSM-5 590  33-34  [232] 
 B/HZSM-5 590  27-31  
Cellulose LDPE  HZSM-5 550  48  [228] 
PP  HZSM-5   38  
PS  HZSM-5   54  
Cellulose LDPE  K10 500  53-70a  [236] 
 KSF 400-
500 
 52-69 a  
 Bentonite 400-
500 
 62-64 a  
Cellulose LDPE  HZSM-5 250-
500  
 36-46  [230] 
Cellulose PP  HY 500-
600 
 12-33  [231] 
 HZSM-5  10-17 b    
LDPE  HZSM-5  8-27 b  
 HY  9-15 b  
Cellulose PE  HZSM-5 500  25  [238] 
Xylan PE  HZSM-5 500  18  
Wood PE  HZSM-5 500  15  
Red oak PE  HZSM-5 500  16-21   
Black-liquor 
lignin 








 Spent FCC  ≈20  
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Biomass Plastic catalyst Temp 
(°C) 
 
 γ-Al2O3,  ≈17  
 Sand  ≈13  
PP  LOSA-1 
 




PS  LOSA-1 
 






LDPE  HZSM-5 200-
500 
 34-43  [237] 
Pine sawdust PE  LOSA-1 600  43  [114] 
 Spent FCC 400-
650 
 15-38  
 γ-Al2O3 600  26  
 Sand 600  20  
PP  Spent FCC 600  35  
PS  Spent FCC 600  47  
Pine wood 
sawdust 
LDPE  HZSM-5 550  29  [233] 
 Ga/HZSM-
5 
550  30  
 Ga–Al–Si 550  28-30  






 ZSM-5  
550 
 42.9 C%   [234] 
 P/ZSM-5  52.8 C%  
 P/Ni/ZSM-5  54.1 C%  
Corn stalk HDPE  HZSM-5 550-
800 
 NA  [239] 
Poplar wood HDPE  P/HZSM-5 450-
650 
 NA  [235] 
Lignocellulosic 
biomass 
PP  FCC 
catalyst 










Biomass Plastic catalyst Temp 
(°C) 






PS  HZSM-5 500-
650 
 NA  [229] 
Sugarcane PET  HZSM-5/ 
Na2CO3/ 
γ-Al2O3 
700  NA.  [241] 
 
1.12.3 Hydrothermal liquefaction of biomass with plastic  
Although the use of co-pyrolysis of biomass and plastic is able to improve the 
characteristic of pyrolysis oil such as increase the oil yield, reduce the water content, 
and increase the caloric value of oil, HTL on the other hand has not widely been 
investigated for the conversion of plastic. Polyethylene has been studied as co-
feedstock in HTL to investigate their synergy in the process. Yuan et al. [242] employed 
the co-liquefaction of biomass (sawdust and rice straw) with HDPE in supercritical water 
medium at 380 °C for 80 min. Co-liquefaction of sawdust with HDPE blend resulted in 
an improvement in HHV compared to the HTL of biomass individuals. Blending to 
HDPE was also found to increase oil yield, which achieved the highest yield of 60 wt.% 
at 80/20 HDPE/biomass mass ratio. The co-liquefaction reaction could also promote 
the chemical formation observed through GC–MS results, the presence of 9-
heptadecanol was only found in HDPE/sawdust oils. This suggests that the radical 
interactions contributed to the positive synergistic effect during process reaction. Co-
liquefaction of microalgae (Spirulina) and HDPE in sub/supercritical was investigated. 
Results showed that the addition of Spirulina led to the milder conversion of HDPE, 
the oil increased by 44.81 wt.% when Spirulina/HDPE ratio was increased from 1/10 
to 4/6. Besides, the synergistic effect between HDPE and Spirulina was enhanced. 
Co-liquefaction of Spirulina with HDPE was also found to decrease the oxygen content 
of bio-crude oil [243]. Moreover, the liquefaction of Vietnamese Ulva intestinalis with 
polypropylene gave bio-crude with decreased nitrogen contents and increased HHV, 
this leads to overall improvement in fuel properties[244]. Recently, macroalgae was 
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co-liquefied with polyethylene at 350 °C for 10 min to investigate the synergistic effect 
on product yield and composition. Oil product derived from PE contained olefinic 
species, as well as oxidative depolymerization was observed to form ketone, the bio-
crude obtained with high HHV and carbon content [153].  
The utilization of polypropylene has also attracted attention for the co-liquefaction. Wu 
et al. [245] employed the co-liquefaction process of Dunaliella tertiolecta (D. 
tertiolecta) and PP. Results showed that 3.3 % synergistic effect was observed for co-
liquefaction of 80:20 D. tertiolecta /PP, as well as the acid content in oil was reduced 
in the presence of PP.  In addition, the blending of PP also improved the quality oil 
which was observed through GC-MS, the bio-crude products mainly composed of 
cyclopentenone derivatives. This presumably was a result of the Maillard reaction 
between carbohydrates and proteins or their hydrolysates. Polypropylene co-
liquefaction with macroalgal was also investigated. It was observed that the co-
liquefaction depolymerized more readily formed gaseous propylene and the energy 
content of oil was represented by an HHV increase, however in all of these reports the 
actual conversion of PP was less than 10% [153].  
Polyethylene terephthalate (PET) was added to lignite, wheat straw, in the co-
liquefaction. The co-processing was conducted through an autoclave reactor at 300°C 
for 30 min [246]. It was found that blending feedstock with PET provided the positive 
synergy between biomass and polymer HTL reaction. The blending ratio of lignite, 
wheat straw, and plastic waste of 5:4:1 showed the total conversion and oil yield were 
all the highest, while the preasphaltene yield was lowest. They also found that co-
liquefaction of lignite, wheat straw and plastic wastes enhanced bio-crude products, 
product distributions and property of oil compared to the process was conducted with 
the traditional catalyst. 
The utilization of nylon has also attracted attention for co-liquefaction. Nylon was used 
with macroalgal biomass (L. digitata, U. lactuca, F. serratus and S. muticum) in co-
liquefaction at 350 °C in a batch reactor to study synergistic plastic conversion.  It was 
found that nylon depolymerized almost completely to form ϵ-caprolactam via an ϵ-
aminocaproic acid intermediate, largely partitioning into the aqueous phase and oil, 
increasing oil nitrogen. They also suggested that plastic contaminants could be a 
representative opportunity to the improvement of HTL macroalgal biorefinery.  
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1.13 Conclusion and gap in the literature  
Co-processing of biomass with plastics is a promising route to the production of higher 
value oils that could form the basis of a renewable refinery.  The addition ofplastics 
into a biomass stream for liquefaction could also have multiple benefits including 
creating a superior bio-crude, the recovery of monomers in a biorefinery concept, or 
stabilisation of the aqueous fractions. Plastic waste, especially low-quality, mixed and 
contaminated wastes, are difficult to recycle and currently are either incinerated or 
landfilled. As such opening up further routes to production offers a promising method 
for waste management.  
A substantial number of studies on plastic as a potential co-feedstock with biomass 
through pyrolysis have been published; however, most require expensive and energy-
intensive post-processing. In addition, the oxygen content of the pyrolysis is high and 
has been identified to exist in several forms of oxygenated compounds, and is mostly 
found as water. Therefore, co-processing of plastic and biomass with minimised 
energy input, and improved oil product throughout the production process, are the 
major challenges. This may come with the implementation of co-processing at below 
the decomposition point of the plastic, conducted in liquid media in either a high boiling 
point oil (LPP) or water (HTL), which have been researched less extensively. This is 
challenging, however the liquefaction routes do not require the extensive drying that 
pyrolysis does, which could pave the way to lower overall energy input.  
The LPP process has been claimed to depolymerise organic feed stocks to produce a 
hydrocarbon biofuel in one step, without the need for hydrogen or chemical upgrading. 
Although a number of pilot plants have been built to demonstrate the KDV process, 
there are currently no lab scale examples in the literature of this process, or any 
investigations actually detailing the mechanism of how this process could possibly 
produce such high-grade hydrocarbon products without the addition of hydrogen. As 
such, much of the chemistry and fundamental engineering remains unclear.  
HTL of biomass has been shown to be a promising route to the production of bio-crude 
and a wide range of HTL conditions have been examined by different researchers 
across the globe, however there are currently no reports of co-liquefaction of biomass 
and plastics via hydrothermal liquefaction, particularly pistachio hulls which are a 
common agricultural waste material, that are also a rich source of natural phenolics 
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and lipids. Furthermore, few studies have addressed the use of catalyst and alternative 
organic additives for improving the conversion of plastic through liquefaction.  
In addition, there is evidence that monomers of nylon 6 could significantly add to the 
value of a marine biorefinery by being able to effectively chemically recycle the waste 
nylon alongside producing bio-crude and fertiliser product. This is of vital importance 
in order to investigate a wider range of nylons commonly found in maritime plastics 
that will affect macroalgal HTL processing.  
1.14 Aims and objectives  
The overall aim of this thesis is to explore the valorisation of plastic waste, through co-
processing with biomass. Specifically, the projects focused on two technologies: the 
catalytic pressure-less depolymerisation (KDV, in the original German), and 
hydrothermal liquefaction (HTL).   
In order to achieve these aims, the core objectives of the project were defined as 
follows:  
 To assess the suitability of producing advanced biofuels through the KDV 
process on the laboratory- and pilot-scale with pistachio hulls, with an 
assessment of whether the co-processing with plastics is viable.  
 To assess pistachio hulls as a feedstock in the HTL process and determine 
whether the co-liquefaction of the feedstock with a range of plastics is viable.  
 To assess the effect of the addition of a range of organic and inorganic 
catalysts and the mechanism of conversion, extrapolated to determine whether 
a typical thermochemical catalyst could be further utilised to aid the breakdown 
of polypropylene in the co-liquefaction of biomass and PP and aid the 
production of further valuable products from this stream. 
 To investigate range of different nylons including an actual sample of marine 
macroalgae collected at sea, entangled with nylon fishing line to demonstrate 
the concept of effectively chemically recycling the waste nylon alongside 
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Due to its resistance to degradation, substantial quantities of plastics have 
accumulated in the natural environment and landfills for a century. The main sources 
of plastic entering the environment are land-and-sea-based sources, with domestic, 
industrial, and fishing activities also a major contributor. Minimisation of this waste has 
been considered as part of the solution, however the disposal of plastic waste in 
landfills provides habitats for insects and rodents that may cause different types of 
diseases. Waste plastic recycling processes that include reprocessing to form new 
products tend to result in a low-quality product. The transportation, constraints on 
water contamination and inadequate prior separation increase the cost of the recycling 
process. An alternative is the thermal processing of converting waste plastic into 
biofuel and chemicals, which has gained a lot of attention in recent years as a 
promising technique to eliminate the refuse that is harmful to the environment.  
Second-generation biofuels produced from lignocellulosic biomass have been 
identified as some of the most promising liquid fuels, as they provide a way to simplify 
the waste disposal process as well as providing energy-rich useful products. In one 
promising example from the industrial sector, pistachio hulls offer a promising source 
of waste lignocellulosic biomass. In this study of a food industry waste stream, 
pistachio hulls provided by WonderfulTM snack company were used as a feedstock for 
biofuel production. The soft outer shell of pistachio nuts is removed during processing 
and creates a considerable waste stream.  
Thermochemical conversion technologies currently being developed include direct 
combustion, gasification, pyrolysis and hydrothermal liquefaction, which can convert 
biomass into heat, syngas, and crude oil respectively. However, the biofuel products 
require expensive and energy-intensive post processing [1]. For instance, pyrolysis 
fuels obtained from biomass are deoxygenated in the presence of hydrogen under a 
high-pressure (∼10 MPa) catalytic reactor operated at temperatures of ∼350−400°C 
[2, 3]. Technological progress is essential to cover energy demands and society’s 
concern over environmental pollution. This chapter focuses on assessing an 
alternative catalytic process, used industrially on the pilot scale, in which organic 
wastes are claimed to be potentially liquefied and deoxygenated in a single step at low 
operational conditions.  
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Liquid phase pyrolysis (LPP), where biomass is heated in a high boiling point carrier 
oil, offers the opportunity to reduce the temperature and increase the mass transfer by 
undertaking the reaction in a liquid medium [4], and has been shown to be an effective 
method of conversion at suitably high temperatures. The liquid medium can be 
employed to transfer heat to the feedstocks and the process is characterised by a very 
good heat transfer rate.  The process uses refined petroleum ‘carrier oil’ as the heat 
carrier. Thus, the process temperature of LPP is restricted to the boiling point of the 
carrier oil. During LPP, particles are retained via heating of the carrier oil, leading to a 
bio-fuel oil without particles or inorganics [5]. The lignocellulosic biomass is converted 
into shorter chain oxygenates which can dissolve in the liquid fraction aiding further 
processing. There are several clear advantages of the LPP process in cooperation 
with pyrolysis. The temperature of the LPP process is lower (400-500 °C) than fast 
pyrolysis (500-850 °C) which can reduce the operating cost.  
A related catalytic process has also been developed recently by combining LPP with 
catalytic cracking, which claims to need no additional hydrogen source. This process 
is termed catalytic pressure-less depolymerisation (CPD), or Katalytische Drucklose 
Verölung (KDV) in the original German. KDV is a patented technology developed by 
Alphakat GmbH [2]. During the KDV process, the company claim that the organic 
feedstock undergoes depolymerisation reactions to produce a fossil oil, as with LPP, 
but in the presence of a neutraliser (CaOH2) and a zeolite catalyst. It is claimed that 
the lignocellulose is pyrolyzed at temperatures between 250-320°C at atmospheric 
pressure to produce a high-grade hydrocarbon fuel suitable for road transport [2, 6, 7]. 
The volatile products are then collected continuously from the reaction vessel through 
distillation, and separated from a large aqueous fraction [8]. The claimed benefit of the 
KDV process is in converting all kinds of organic substances at atmospheric pressure 
and temperatures between 280-320 °C [8].  
In addition to the catalysts, the KDV process also uses intensive mixing of the carrier 
oil with the solid materials. This is achieved by replacing conventional heating through 
the reactor wall with generating the heat through a high-shear in-line mixer. The 
temperature of the reaction is substantially lower than the typical uses for other 
thermochemical processes and is limited by this method of heating. Consequently, the 
company claim that this technology removes non-uniformities in temperature and heat 
flux. The coke formation thus does not impact the KDV process. Surprisingly, as there 
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are no reports of the mechanism, pilot plants based on KDV technology have been 
established in Germany, Mexico, Japan and Korea.  
Gonzalez-Quiroga et al. studied the production of demolition and municipal solid 
wastes to diesel using a KDV pilot plant. They found that the KDV showed successful 
liquefaction together with the deoxygenation of the product, with low oxygen content 
and a high share of paraffins [1]. However, in this publication there was no mass 
balance given, and no indication of how this could possibly be achieved. Al-Rousan et 
al. studied the possibilities of biodiesel potential from various bio-wastes, including 
olive cake, activated sludge, digested sludge, sheep manure, poultry manure, and 
laying hens manure in a KDV pilot plant from ALPHAKAT Company. The results 
showed that olive cake gave the best option for bio-oil yield (39%). A strong linear 
relationship between the percentage of organic content and caloric value and bio-oil 
output was observed  [6]. However, the work makes no reference how much of cracked 
carrier oil adds to the bio-oil and how much is derived from biomass. Therefore, the 
yields given are almost certainly an overestimate. 
While a number of pilot plants have been built to demonstrate the KDV process, there 
are currently no lab-scale examples in the literature of this process or any 
investigations actually detailing the mechanism of how this process could possibly 
produce such high-grade hydrocarbon products without the addition of hydrogen. As 
such much of the chemistry and fundamental engineering remains unclear.  
The aim of this chapter was to investigate the KDV process further, and through 
collaboration with the Wonderful Company and Ekotrend assess the pilot scale mass 
balance and determine the suitability of this approach for producing hydrocarbons from 
biomass. To this end pistachio hulls were investigated as the biomass source. To 
achieve the aim the following objectives were identified: 
1. Data will be collected data from a KDV pilot plant run in batch mode and 
complete a full mass balance to assess the suitability of producing advanced 
biofuels through this process. 
2. The process will be mimicked on the lab scale, on both 1L and 5L scales and 
test the optimal catalyst type and loading. 
3. The mechanism that allows high grade hydrocarbons to be created from the 
KDV process will be assessed. 
68 
 
4. Building on suitable results achieved in the first 3 objectives the possibility of 
co-processing polypropylene and pistachio hulls will be investigated. 
2.2 Materials and methods   
2.2.1 Materials    
Waste pistachio hulls were provided by Wonderful Snack Company. The shell of 
pistachio nuts removed during processing creates a considerable waste stream with a 
particle size of 2-5mm. Properties of pistachio hulls is present in Table 2.1-1 
Table 2.1- 1 Properties of pistachio hulls 









Oxygen by Difference  
Low Heat Value 
High Heat Value 
14.31 wt %  
4.24 wt %  
70.09 wt % 
11.35 wt %  
41.22 wt %  
0.13 wt %  
6.98 wt %  
1.34 wt %  















Faujasite zeolite-type were applied to catalyse the deoxygenation reactions including 
4A zeolite, aluminosilicate, and ZSM-5 zeolites. All zeolite catalysts were purchased 
in powder form, with a particle size of 0.8-8 µm. All the catalysts were purchased from 
Zeolyst International and used without further treatment or purification. Calcium 
Hydroxide Ca(OH)2, brand name ALPOL 120 was purchased from the Polish supplier, 
ALPOL and was used without further purification.  
Two types of carrier oils were used, a light carrier oil (N200 oil) and heavy oil (LAN-150). 
N200 oil is significantly more volatile and provides a low density and flows freely at 
ambient temperature. The kinetic viscosity of LAN-150 oil at 40 °C and 100 °C were 
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131.4 and 13.20 mm2 s-1 respectively. The density of LAN-150 oil was 887.1 kg/m3. 
The boiling point of N200 and LAN-150 oil were 180°C and 272 °C respectively. The 
element composition of carrier oils is shown in Table 2.2-2 
Table 2.1- 2–Elemental composition of light carrier oil (N200) and heavy oil (LAN-150) 
Analysis parameter N200 carrier oil LAN-150 carrier oil 
C (wt%) 86.01 85.09 
H (wt%) 13.87 13.09 
N (wt%) 0.15 0.59 
S (wt%) - 1.04 
 
2.2.2 Methodology   
Laboratory Batch Liquid Phase Pyrolysis: 1L Reaction 
Liquid phase pyrolysis of pistachio hull was carried out in a 1 L 316 stainless steel 
batch reactor with a diameter 10 cm allowing a sample bed depth of around 25 cm. A 
pressure gauge was connected to the top of the reactor to monitor and control the 
pressure in the case of excess pressure generated. The system was heated via an 
infra-red furnace and a thermocouple was inserted to measure the reactor 
temperature. In a typical experiment, the reactor was loaded with a mixture of 
pistachio: carrier oil (5:1, 5:2, with respect to 100 g of carrier oil) and catalyst ranged 
between 5 and 150 wt.% of either 4A zeolite, aluminosilicate, and ZSM-5. The feedstock 
was then mixed with 2-10 wt.% of Ca(OH)2) as co-catalyst to enhance the reaction.  
The system started at the room temperature at 25°C and the heating rate to reach the 
pyrolysis temperature was set to be around 4.17°C s-1. After the temperature reached 
pyrolysis temperature of 300 °C, the reaction was maintained for 1.5 hours. All 
condensable vapours were condensed to liquid product using a system of condensers. 
While the uncondensed product was collected from a pipe at the bottom. The 
condenser temperature was maintained by water cooling at about 10 °C. After the 
pyrolysis reaction was completed, the system was quickly cooled to ambient 
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temperature. Bio-oil was then separated from the liquid product through condenser 















Figure 2.2- 1–Experiment set up of batch liquid phase pyrolysis 
Laboratory Batch Liquid Phase Pyrolysis: 5L Reaction 
Although the 1L reactor could be used to convert the biomass to bio-oil, there were 
several errors during the process such as the short path distillation and lack of head 
space in the reactor. The reactor provided lower efficiency as the limited momentum 
of the solid mixture which might easily result in blocking of reactor vessels. In order to 
meet the representative process, the process was then conducted in the larger reactor 
(5L) which provided a longer distillation pathway and better efficiency. The preparation 
was the same as presented in the 1L reactor. The reaction was carried out under 
stirring at 450-500 rpm and the reaction started at 90 °C for 30 minutes to minimize 
foaming. The temperature was then slowly increased to 300 °C at a heating rate of 
4.17 °C/min. The reaction was held time at maximum temperature for 3 hours. The 
sample vapours were condensed and collected in the bottom collector continually 









I. Thermocouple  
II. pressure gauge 
III.  Stirrer motor 
IV. Cooling water, 
V.  Condenser 








2.2.3 Distillate bio-oil analysis   
The chemical composition of the volatile fraction of the reaction was identified using 
Agilent Technologies 7890A GC system fitted with a 30 m × 250 µm × 0.25 µm HP5-
MS column, coupled to a 5975C inert MSD. The sample obtained from the pyrolysis 
experiment was dissolved in hexane. Helium was used as carrier gas in a constant 
rate at 1.3 ml min-1. The initial temperature of oven temperature program was set at 
50°C which increased 5 °C min-1 until 250 °C. The injector temperature and sample 
injection volume were 250°C and 1 µL, respectively. Library and residence times of 
known species injected in the chromatography was determined using the NIST mass 
spectral database. 
Thermal decomposition characteristics and the weight reduction characteristic were 
determined of solid phase through thermogravimetric analyser (TGA). The high purity 
nitrogen was used as the carrier with volume flowrate at 5.0 min-1. The heating rate was 
10°C min-1. The weight of sample powder was approximately 2.5 mg. The sample was 
loaded in an alumina crucible. The sample was heated over the range 20 °C to 1000°C.  
CHN element analysers are the methods to rapidly determine carbon, hydrogen and 
nitrogen in the organic matrices. The simplest forms CHN analysis was conducted with 
high temperature combustion. In the combustion process (1000 °C), the sample is 
broken down into its elemental components, N2, CO2, and H2O. CHN elements of this 
work were determined at the London Metropolitan University on a Carlo Erba Flash 
2000 Elemental Analyzer to determine CHN content. 
The amount of bio-content in the fuels was determined through a simplified 
radiocarbon (14C) analytical technique. Radiocarbon dating is rate of decay of 
radioactive 14C, which generated in the upper atmosphere via a cosmogenic isotope 
and its subsequent decay to 14N. 14C is formed continuously in the earth’s upper 
atmosphere. Thus, there is 14C remains present in atmospheric CO2. 14C reacts with 
oxygen to generate CO2, which is the absorbed through plants during photosynthesis. 
Plants and animals use carbon in food chain take up 14C throughout their lifetimes. 
Once the plant or animal dies, they stop exchanging carbon and their 14C is no longer 
replaced by the atmosphere, and the constant decay of 14C back to 14N and beta 
particle begins. Thus, the ratio of 14C in a decreased organism decreases at a constant 
72 
 
rate over time. Because 14C has haft-life of 5,730 years, 14C is almost absent from 
fossil products older than 20,000 to 30,000 years. 
Radiocarbon dating is essentially a technique which is completed via reducing the 
quantity of radiocarbon (14C) in a sample to a modern reference standard. In order to 
know how much 14C remains in the sample, the 14C of the sample has to be compared 
with the 14C value of the reference value. The 14C reference value applied to determine 
the bioC quantity varies of different biogenic material. Samples with high bio-oil 
obtained were determined using ‘Beta Analytic’ radiocarbon analysis labs for bio-
carbon content determination. 14C was carried out in accordance with ASTM D6866.  
2.3 Results and Discussion  
2.3.1 Initial plant operation  
In the operation of both the lab and pilot system a distillate contains both water and 
the distillate oil. This is separated giving the non-water-soluble fraction, termed the 
distillate oil. This is made up of the bio-component (bio-oil) and any cracked or light 
boiling point carrier oil from the system. There are a few key differences in the 
operation on the pilot plant than is available in a simpler lab-based system.  The 
differences between pilot plant scale and lab scale reactor in this study can be 
summarized as: 
 The difference in heating apparatus. Both of 1L and 5L reactor heat is 
conventional electric heating, while the plant process uses recirculation of the 
oil-solids slurry through a friction turbine pump to generate the heat. In addition, 
the plant uses a pre-treatment section which requires loading and heating at a 
lower reaction temperature.   
 The pre-treatment section on the pilot plant preheats all reaction components 
at around 90 °C. Raw materials are then transferred into the reaction vessel, 
termed KDV vessel, where the pyrolysis reaction could potentially take place.  
 Two turbines (turbine A and B) are used in the pilot plant process. Turbine A is 
used for mixing reactants together at a temperature of 90 °C, before transfer 
to B100 and B200, while turbine B is used as heat generator for B200, the 
temperature inside B200 are controlled in the range of around 290-320 °C.  
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A schematic of the KDV pilot plant is shown in Figure 2.3-1. The KDV pilot plant 
consists of the following components including (a) feed system; pre-heater section, 
pyrolysis reactor, (b) condensation section; control section. The carrier oil is added to 
the system and the solids (catalyst, neutraliser, biomass) then fed into the premix. As 
the raw material contain moisture, the slurry was held at 90 °C to remove the water. 
After moisture removal, the slurry was transferred to the reaction KDV vessel to 
complete the pyrolysis reaction. At this point, the reaction section is heated via turbine A 
and slowly heats up to 300 °C. Under these temperatures, the assumption is that the 
heterogeneous catalyst starts working and the biomass is cracked into a gas, liquid 
vapour and solids. The reactor vapour produced is removed through a distillation 
column, effecting continuous removal of the liquid products as vapour. The formed 
liquid products (water, pyrolysis oil) leaves the process at the top through the 
condenser section. The remaining solution after reaction is then returned to the 
preheat section to cool down and then are carried to the centrifuge system to separate 
waste solids and carrier oil. In this section, the waste stream is centrifuged immediately 
after it has been cooled to prevent waste settling and becoming too thick. The carrier 
oil is used as the recycled oil which is mixed with the new carrier oil where the cycle 
starts again. Prior to the PhD, the pilot plant was producing 150 L of distillate per tonne 



























Figure 2.3- 1–Design basic and process description (F1-solid feed, F2-New carrier oil, F3-solid after pre-treatment, F4-mojerizer 
collection, F5-feed stock after increasing temperature, F6-gas production, F7-gas production after condensed, F8-liquid production, F9-
wasted carrier oil collection, F10-wasted production, F11-solid wastes,  1-pretreatment system, 2–batch reactor, 3–condensed system) 
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To determine the suitability of this process for bio-oil production, an initial mass 
balance was completed, based on the direct measurement of each of the process 
inputs and outputs. This run gave the operating conditions of KDV technology as 300-
320 °C and pre-treatment 90°C. A higher boiling point carrier oil, LAN-150, was used 
in this test to reduce the amount of carrier oil in the product. The result based on the 
moisture content of catalyst, and pistachio hulls are 12% and 10% respectively. The 
overall mass balance demonstrated that only 32.8 L distillate oil was produced using 
1,000 kg of biomass (3.28 %) which was much lower than previously reported [1] 
though crucially no mention in any of the reports is given to how much of the carrier oil 
simply cracked and added to the product. To this end 14C analysis was undertaken to 
determine the bio-content in the product, the yield of bio-content in the product oil was 
49%. Meaning the yield of bio-oil from the system was approximately 16 kg per 1000 kg 
of biomass used, or 1.6%. This is akin to a slow pyrolysis process undertaken under 
those temperatures [9]. The mass balance data is given in Table 2.3-1 for material 
fraction composition and production value, respectively. 
The energy balance was determined from the heat feed and heat consumption of the 
process. Heat input included a capacity up to 992 kg of biomass and carrier oil 2113.5 
kg.  The core of the plant is a batch reactor which was designed based on the previous 
study. The energy balances enabled the determination of the energy consumption for 
biomass is 5.4×106 kJ, and the energy consumption for the carrier oil is 1.18×107 kJ 
(Table 2.3-2).  
Previously to the PhD, and in the few reports available, only a light oil was used as the 
carrier oil. With the application of a much heavier oil, and the calculation of the bio 
content present, it seems extremely unlikely that this process is a suitable method for 
biofuel production and rather the light fraction of the carrier oil and the cracked carrier 
oil adds to the product, just making it seem so.  
To validate these observations, and understand the underlying chemical process, the 








Table 2.3- 1–Material fraction composition of inputs and outputs in plant operation 
converting pistachio hulls with a pre-mix temperature of 90 °C, KDV temperature of 
300-320 °C using LAN-500 carrier oil 






Carrier oil LAN150 2,113.5 0 2,113.5 
Catalyst 4A 249 6.85 231.9 
Neutralizer  149 1.25 147.1 
Biomass (pistachio) 992 10.66 886.3 
Total Outputs 3,503.5   3,378.8 
Product oil 66.5 - - 
Water 319.5 - - 
Waste oil with solids 3013 - - 
Waste oil 2,146.6 - - 
Solid waste 866.4 - - 
Exhaust gases 85.4 - - 
Total 3,484.4   











Table 2.3- 2–Production values and resultant bio-oil production figures. Generated 







Biomass in (kg) 992 
Ash @ 11% 109 
Moisture (kg) 105 
Carrier oil (L) 2,113 
Utilisable biomass (kg) 777 
Bio-oil in carrier @3.7% (L) 63.39 
Total distillate oil Product (L) 66.5 
Bio-content of oil Product 49% 
Produced bio-oil (L) present in any oil phase 95 
Produced bio-oil (L/tonne biomass) 96.75 
Bio-oil relative to original biomass loading present in any oil 
phase (wt.%) 
9.67% 
Bio-oil Present in the distillate product only (L/tonne biomass) 32.85 
Bio-oil product present in the distillate product, relative to 
original biomass loading (wt.%) 
3.28% 
Conversion of dry, ash free biomass to bio-oil in any oil phase (L/ 
tonne) 
123.50 
Bio-oil present in oil phase, relative to utilisable biomass (wt.%)  12.35% 
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Table 2.3- 3–Energy of inputs and outputs were used in plant test 
Component Delta Hf (kJ/mol) Energy Consumption (kJ) 
Biomass 20,000 5.4×106 
Carrier oil 45,000 8.32×106 
 
2.3.2 Laboratory liquid phase pyrolysis: 1L reaction   
The reaction was studied on the lab scale where pistachio hulls were converted in 
carrier oil using either 4A zeolite, ZSM-5 or an aluminosilicate catalyst. As the pilot 
plant operation involves holding the reaction mixture at 150 °C, this temperature was 
examined to determine if the pistachio hulls are starting to degrade in the pre-mix 
vessel. The temperature of the KDV system was reported to be achieved at between 
250-300°C as mentioned in the literature, so the reaction was also studied at these 
temperatures on the lab scale. 
During the KDV process, heat transfer between components was accomplished via the 
carrier oil. Liquid phase was collected once the temperature reached at around 120°C 
which related to extraction of moisture from the pistachio hull and the catalyst. Amount 
of biomass breakdown product was found in the distillate phase when the temperature 
was above 200°C. Substantial degradation reactions were observed at the 
temperature above 280°C. Two main liquid phases were obtained as the product: one 
yellow wastewater (aqueous phase) and one dark brown oil (distillate oil) with a smoky 
smell. The dark brown oil phase was separated on the top of the water, and was 
defined as the distillate oil from the process (Figure 2.3-2). The yields of product 
liquids and chars were calculated by weighing. Distillation of total distillate and distillate 
oil at different temperatures, with no catalyst is shown in Figure 2.3-3. Each 
experiment was repeated three times to determine experimental error and test the 




    
Figure 2.3- 2–Liquid distillate from 4A zeolite after KDV reaction at 300 °C.  
 
Figure 2.3- 3–Distillation of total distillate and distillate oil at different temperatures, 
with no catalyst 
2.3.2.1 4A Zeolite catalyst    
Initially, the 4A zeolite used in the KDV process was applied to the laboratory process. 
In order to study the effect of the 4A zeolite in the liquid phase pyrolysis reaction, the 
experiments were performed with 20 g of biomass with catalyst loadings of 33.3 wt%, 
50 wt% and 75 wt%, (10 g, 20 g, and 30 g). Carrier oil (N-200): biomass weight ratio 
was also examined with a 5:1 and 5:2 weight ratio investigated. Neutraliser (Ca (OH)2) 
was also included (10 wt%, 2 g for all reactions). The pyrolysis reaction was carried out 
at a controlled temperature of 300 °C and held for 90 minutes, which was sufficient in 
all cases to collect the distillate formed.    
At a loading of 100g of carrier oil and 20g of biomass, 8.5g of distillate was obtained, 
when the amount of carrier oil was increased to 200g, then the amount of distillate 





























Total liquid distillate 
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catalyst loadings gave similar levels of distillate with the 50 wt% of catalyst being 
optimal at both loadings, producing 14.6g and 20.6g of distillate in the 100g and 200g 
carrier oil respectively (Figure 2.3-4).   
The distillate oil was found to increase with carrier oil increased, 1.3 g of distillate oil 
was obtained at 100 g of carrier oil, increasing to 1.6 g at 200 g of carrier oil.  The 
distillate oil obtained was analysed to 6.5 vol% and 8.0 vol% for 100 g and 200 g of 
carrier oil respectively. The distillate oil yields obtained were less compared to slow 
pyrolysis from pistachio shells at 300 °C (15.5 wt%) [10]. For all carrier oil loading, 
both the 33.3 wt% and 75 wt% catalyst loading decreased the distillate oil. The 
distillate oil decreased slightly from 1.3 g for 100 g carrier oil to 0.5 wt% and 0.2 wt% 
for the 33.3 wt% and 75 wt% catalyst loading respectively, this gave similar levels of 
distillate oil with 200 g carrier oil. These yields are similar to the bio-oil obtained from 
pilot plant.  
The 14C demonstrated that the liquid oil product was mainly derived from the carrier 
oil. The efficiency of biomass conversion by KDV process does not appear to have 
significant benefit in terms of bio-oil production from pistachio hulls, with an average 
of approximately 16% for bio-oil carbon content derived from biomass was found in 
the presence of 50 wt% catalyst and 100 g carrier oil (Table 2.3-4).  
 
 
Figure 2.3- 4–Distillation of total liquid product from liquid phase pyrolysis with 4A 







33.3wt% 50wt% 75wt% 33.3wt% 50wt% 75wt%















The catalyst loading (wt%) at 100 g and 200g carier oil
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Table 2.3- 4 –The distillate oil, and bio-carbon content at different 4A zeolite loading 







Biocarbon content of oil 
product (%) 
10 8.5 0.47 10.77 +/- 0.06 pCM 
20 14.6 1.32 15.98 +/- 0.08 pCM 
30 10.2 0.166 4.34 +/- 0.05 pCM 
In the initial description of this work, Ca(OH)2, was added to control the pH, which was 
then claimed to prolong the life of the catalyst. The effect of the neutralizer was 
therefore investigated on this scale. Different Ca(OH)2 concentrations of 0 g, 2 g, and 
5 g relative to 20 g biomass were prepared. The mass ratio of carrier oil: biomass was 
carried at 5:1, the reaction temperature was kept at 300 °C, and held for 90 minutes. 
Blending feedstock with neutraliser did not have a significant impact with slight yield 
increases observed of 0.3-0.6 for 5 g and 2 g respectively (Figure 2.3-5). 
 
Figure 2.3- 5– Distillation of liquid product from liquid phase pyrolysis with different 
neutralizer loading in biomass at 20g of catalyst loading and 100g of carrier oil (N200). 
Table 2.3- 5–The distillate oil, bio-oil yield, bio-carbon content at different neutralizer 





Distillate oil product 
(g) 
Biocarbon content 
of oil product (%) 
0 9 0.7 - 
2 1.6 1.32 15.98 +/- 0.08 pMC 





























There was some indication in the pilot plant that an excess of water in the reaction 
would help to strip products out of the carrier oil. This is used in some fuel processing 
applications, including steam cracking on standard fuel refineries [11]. To increase 
liquid product conversion, this effect was examined by soaking all of the raw materials 
(2 g of neutraliser, 20 g biomass, 20 g 4A zeolite, and 100 g of carrier oil) in 20 ml of 
water for 24 hours before use in the KDV process. The results showed a substantially 
increase in the total liquid product distillation from 14.8 g for non-soaking solid material 
to 27.0 g for soaking solid in the water but liquid oil distillates were similar to those 
produced from non-soaking material. There is therefore no evidence additional 
moisture in the materials aids the reaction yield. 
Table 2.3- 6– The distillate oil with soaking solid material in the water at 20g catalyst 
loading and 100g of carrier oil (N200). 
 Distillate (g) Distillate oil (g) 
Non-soaking solid material 14.8 0.7 
Soaking solid material 27 1.32 
 
2.3.2.4 Aluminosilicate catalyst  
It seems highly unlikely that under this water loading or temperature that 4A zeolite 
would retain its structure. Therefore, an amorphous aluminosilicate was tested to 
assess whether the same yields could be achieved. The amorphous species is over 
100x cheaper than 4A, but if active would also indicate what is happening to the 
catalyst in this reaction. The acid sites of aluminosilicate can catalyse pyrolysis 
intermediates which provide fewer oxygenated phenols and aromatic hydrocarbons. 
In this work, 50 wt% and 75 wt% (20 g and 30 g) of catalyst were prepared with 100 g 
of carrier oil to biomass and 20 g of neutraliser. The aluminosilicate produced 
approximately as much distillate oil as the 4A catalyst suggesting that the 4A catalyst 






Table 2.3- 7–The distillate oil, bio-oil yield and bio-carbon content at different 4A 
zeolite loading at 100g carrier oil (N200) 
Catalyst  Catalyst loading 
(wt%) 
Distillate  (g) Distillate oil 
product (g) 
Aluminosilicate 50 wt% 12 0.4 
75 wt% 12 0.2 
4A zeolite 50 wt% 14.6 1.3 
75 wt% 10.75 0.2 
 
2.3.2.5 ZSM-5 zeolite catalyst   
ZSM-5 is a standard catalyst used in alternative fuel production processes, though to 
date has not been investigated in this reaction. ZSM-5 has been reported to produce 
more aromatic hydrocarbon compounds under suitable conditions. It shows to be an 
effective catalyst to crack the heavy aromatic compounds in to transport fuel range 
hydrocarbons, with increasing the desirable chemical species as well as decreasing 
the undesired molecules. The microporous nature of zeolite plays an important role in 
thermal cracking by adsorbing selective large chain molecules to produce liquid oil. To 
study the activity of ZSM-5, the experiments were carried out by using either 100 g of 
light carrier oil (N200 oil) or heavy carrier oils (LAN-150 oil). The experiments contained 
20 g pistachio hull, ZSM-5 either 5 wt%, 10 wt% or 20 wt% compared to the biomass 
loading. These ratios were fixed based on recently published research [12]. 
Similar to 4A zeolite, there was no significant increase in the yield production as 
increasing catalyst loading in biomass. The highest bio-oil yield conversion was found 
at 1.16 g in the presence of light oil. The yield of liquid oil decreased slightly from 1.16 
g for 2 g ZSM-5 added to 0.69 g for 5 g ZSM-5 added. A high concentration catalyst 
loading resulted in difficult downstream separations. The control reaction, without 
catalyst, was also successful in converting pistachio hulls to liquid oil products 
(distillate oil products of 0.89 g). This suggests that the biomass itself was converted 
into pyrolysis oil on cracking process. 
A comparison between heavy and light carrier oil, the light oil was more suitable heat 
carrier oil due to its lower density which improved the increase of heat transfer and 
mass transfer during pyrolysis reaction.   
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Table 2.3- 8–The distillate oil, bio-oil yield at different ZSM-5 zeolite loading at 100 g 
carrier oil of N200 and LN-150 
Carrier oil ZSM-5 loading 
(wt%) 
Distillate (g)  Distillate oil 
product (g)  





0  4.2 0.9 
5  4.61 0.6 
10  6.23 1.2 
20  5.6 0.7 
Heavy carrier oil 
(LN-500) 
5  1.57 0.3 
10  2.4 0.3 
20  1.52 0.4 
 
2.3.2.6 Carrier oil reuse  
The use of fresh carrier oil for each reaction run is extremely uneconomic, recycling 
must be taken to create a more viable process. To study the effectiveness of the KDV 
reaction, the carrier oil from the reaction was extracted and added to fresh carrier oil 
to meet the total of 100 g oil usage with 20 g of biomass and 2 g of ZSM-5 (Figure 
2.3-6). The first reuse-carrier oil showed similar quantity of liquid product obtained with 
new oil respect to 65 g of carrier oil left in the reactor. On the second run of reuse-
carrier oil, the yield oil had little difference with the 48 g left in the reactor. In contrast, 
liquid fuel was significantly decreased after the carrier oil was used on the third run. 
By the fourth reuse very little fuel was produced. This is potentially due to the increase 
in viscosity of the oil resulting in poor mass and heat transfer by this point. 
However, as the oil yields are reasonably small through 1L reactor, there were several 
errors during the process as the short path distillation and lack of heat space in the 
reactor, so to continue development of the system, the reaction was scaled to a 5L 




Figure 2.3- 6–Distillate production with corresponding carrier oil and solid depletion 
for carrier oil reuse reactions 
2.3.3 Laboratory batch pyrolysis: 5L reactor 
As the N200 light carrier oil added a lot to the distillate product, the heavier boiling 
point carrier oil was used (LAN-150) in all the testing at 5L to reduce the amount of 
carrier oil in the distillate product. The LAN-150 oil has a far smaller volatile fraction 
than the N-200 oil, and seemingly, was not easily cracked by the catalyst. This led to 
a greatly reduced amount of carrier oil derived product in the distillate. Though this 
increased the biogenic percentage in the fuel, no further increase in the total biogenic 
distillate fraction was observed. The yields of biogenic content in this reaction were 
similar to those produced from the catalyst-free slow pyrolysis of biomass. On using 
the LAN-150 carrier oil, the production volumes were too small on the 1L system for 
accurate measurement; as such further scale up to a 5L reactor was undertaken. 
The reaction was scaled to 1000 ml of carrier oil (LAN-150) and up to 333 g of biomass 
in a 5L reactor with a longer pathway of the condensed system. As the 4A catalyst did 
not show suitable efficiency. The following experiments investigated the effect of ZSM-
5 as an alternative catalyst. ZSM-5 was used at 33 g, 67 g, 167 g, 333 g, and 450 g 
with 333 g of biomass and 1,000 ml of carrier oil. The reaction was first performed at 
90°C and held for 30 minutes to reduce the foaming reaction. After that, the process 
was slowly heated until the temperature reached 280 °C and the reaction was then 





























Similar, to the 1L reaction the effect of reaction temperature was the key factor in 
catalyst cracking activity of ZSM-5. The vapor was condensed from the system after 
around 115 °C which resulted from the initial moisture of biomass and dehydration 
reaction that occurred during the pyrolysis process. At a reaction temperature up to 
280 °C, the liquid distillate was substantially increased.  This suggests that high 
temperature increases the decomposition of the biomass as well as removing more 
carrier oil. However, the ZSM-5 zeolite action reduced substantially after holding 
reaction time at 280 °C for 45 minutes, this suggests that there is the formation of coke 
which deactivates the zeolite catalyst’s shape selective-process.  
The addition of catalyst did not appear to have significant benefit in terms of distillate 
oil production. The highest distillate oil, 19 g, was obtained for 167 g of ZSM-5 loading. 
The slight decrease was found in the addition of 333 g of ZSM-5 loading, with bio-oil 
decreased slightly from 19 g to 17 g. On the addition of 33 g ZSM-5 loading, the yield 
of liquid phase decreased from 180 ml to 87 ml and from 17 g to 10 g for total distillate 
product (Figure 2.3-7). In contrast, no distillate was observed for the catalyst loading 
at 450 g. The reaction was not completed due to the stop of heat transfer on the high 
catalyst loading. 
The use of Ca(OH)2 obtained higher total distillate yield conversion compared to non-
Ca(OH)2. However, the effect of Ca(OH)2 did not affect the distillate oil production 
significantly which showed the similar result in the use of non-Ca(OH)2. This is 
presumably due to the elevated moisture content of the neutraliser. 
Although the liquid phase pyrolysis process in the 5L reactor was successful which 
was found to be more effective than the 1L reactor, the distillate oil yield was only 
approximately 6 wt./v%. The ZSM-5 was not as active as high potential catalyst for 





Figure 2.3- 7–The result of liquid distillate obtained from catalyst loading with Ca(OH)2 
and non-Ca(OH)2 
Table 2.3-9–The result of liquid oil distillate obtained from catalyst loading with 
Ca(OH)2 and non-Ca(OH)2 
Carrier oil ZSM-5 loading 
(g) 





33 180 0.6 
84 148 17 
167 152 19 
333 180 15 
Non-Ca(OH)2 33 102 10 
84 102 12 
167 117 17 
 333 120 15 
 
Although the best result obtained on the KDV process on the pilot plant from pistachio 
hulls was in line with the company claims (120 kg/tonne) in a single step at reduced 
pressure and temperature without the need for hydrogen or additional chemical 
upgrade, the 14C demonstrated that only 21% of product derived from biogenic 
material. This is equivalent to an approximate yield of 2.5% bio-oil. The distillate oil 
product, and biogenic component, was not improved through switching to the lab 
scale, a zeolite catalyst, or alternative carrier oil. Indeed, the results from the lab scale 
(1 L and 5L) slightly decreased from pilot plant and similar levels of biomass to non-
catalytic CPD (7.0 wt% and 5.7 wt % for 1L and 5L respectively). This suggests that 






















ZSM-5 zeolite catalyst loading (g)
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CPD reaction does not seem to successfully produce a distillate product with the 4A 
catalyst. The more stable system, using ZSM-5 zeolite produces substantially more 
yield, however, the presence of ZSM-5 is not appropriate to use in this process due to 
a high ability for cracking heat carrier oil.  
2.3.4 Characterisation of bio-oil produced   
2.3.4.1 CHN analysis   
The elemental composition of bio-oil obtained from 4A and ZSM-5 loading are 
presented in Figure 2.3-11a-2.3-11b. Liquid phase pyrolysis of the additional catalyst 
had significant change from the pure pistachio hull feedstock resulting in a substantial 
carbon increase and oxygen decrease (carbon increasing from 41.2 wt.% to 
approximately 86 wt.% and oxygen decreasing from 46 wt.% to 0.7 wt.%). Hydrogen 
content increased which gave an increase from 7.0 wt.% to approximately 14 wt.%. 
This trend was observed for both 4A and ZSM-5 catalyst loading. This finding was 
similar to previous study of Gonzalez-Quiroga [1]. And is highly suggestive that the 
majority of the distillate is directly from the carrier oil.  
 
 
Figure 2.3- 8–The elemental composition of C, H, N with different catalysts loading in 
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2.3.4.2 Thermogravimetric analysis   
To examine the proportion of biomass reached under KDV conditions, the KDV solid 
phase obtained from 1L and 5L reactor in the presence of ZSM-5 were analysed 
compared to pure pistachio through TGA. Overall, three regions are observed (Figure 
2.3-9). The initial decomposition process was observed after sample temperature 
reached to 150°C with was related to extraction of moisture and waste in the pistachio 
hull biomass. The main decomposition process was depolymerisation, decarboxylation 
and cracking was found in the devolatilization temperature range from 200-430 °C. In 
this region, pistachio hull was considered to be three main components including 
hemicellulose, cellulose, and lignin. Hemicellulose and cellulose were composed in 
the temperature from 260°C °C and 350°C, respectively. Lignin was composed in the 
higher range of temperature than cellulose and hemicellulose at the temperature 
between 350°C and 650°C.  
A degradation peak observed at around 570°C, the rate of degradation for pure 
pistachio hull is slightly higher than solid phase obtained from 1L and 5L reactor. For 
pure pistachio hull, almost no degradation is seen within 570°C which is different for 
the solid phase from KDV of 1L and 5L. The TGA profile of the solid phases from 5L 
become less marked at 570°C, suggesting that unreacted pistachio hull is present. For 
the 1L reactor, the TGA profile of the solid phases did not degrade within the 
temperature at 400 °C, however, the percent of mass reduction was lower than pure 
pistachio hull. This suggests that there is a quantity of unreacted pistachio hull 
remaining in the solid phase.  
 






























2.3.1.3 Gas chromatography-mass spectrometry (GC-MS)  
The liquid oils obtained were yellow and had a low viscosity. To study the effect of the 
additional catalyst on bio-oil composition, the bio-oil obtained from pure pistachio, and 
pistachio with additional ZSM-5 (5 wt%, 10 wt%, and 25 wt% ZSM-5 loading) were 
characterised through gas chromatography-mass spectrometry (GC-MS).  From the 
GC-analysis, bio-oil products contained mainly of aliphatic hydrocarbons and their 
derivatives including dodecane, tridecane, napthadecane, hexadecane and 
heptadecane. These compounds are expected to originate from the heat carrier oil. A 
slight increase in the benzene and alkane formation were observed in the presence of 
ZSM-5 catalyst, however, no increase in the abundance of phenolic compound which 
is the main composition originate from lignin, and major components of pistachio hulls. 
This suggest that ZSM-5 enhanced the activity and efficacy for aromatic and acyclic 
cracking but ZSM-5 did not affect the capacity of biomass cracking [13]. A summary 
of the most abundant compounds in the liquid oil produced, identified using GC-MS, 
is present in Table A-1. 
2.4 Conclusion 
It has been claimed, with little peer reviewed literature studies, that biomass can be 
processed in a liquid heat carrier phase that provides adequate heat ability and high 
heat conductivity, at low temperature (300 °C) producing a diesel like fuel.  
However, an accurate mass balance on a pilot scale process as well as mimicking the 
process in the lab, demonstrated that the majority of the distillate is either the low 
boiling fraction of the carrier oil or the cracked species of this. The maximum distillate 
obtained when using a heavier carrier oil was relatively low (approximately 6.5v/w%) 
with less than half of the pistachio hull used. The liquid product contained not only 
pyrolysis oil but also 30-50 wt.% water. Catalyst was deactivated completely after the 
first use which prevented the possibility of reuse. The bio-content as determined 
through 14C analysis was remarkably low for all reaction conditions, demonstrating that 
the majority of the product came from the carrier oil.  
Based on these findings, there is no evidence on the lab or pilot scale that this is a 
suitable method for the production of hydrocarbons. The seemingly high yields of fuels 
in other sites seem to be predominantly due to the cracking and distillation of the fossil 
carrier oil. Further scaling up of the process is not recommended. In fact, the efficiency 
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of the biomass conversion by KDV process was less than conventional slow pyrolysis 
or LPP. Therefore, it can be concluded that the KDV process is not an appropriate 
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2.6 Appendix  
Table A- 1–Retention data and identified pyrolysis oil product from pistachio hull at the 
present of ZSM-5 catalyst and non-catalytic ZSM-5 















 31218  
D-Limonene 45199 27957 40436 34605 





 46715 61850 
Benzene, (2-methyl-1-
propenyl)-  
38598  52817 





   
Benzene, 1-ethenyl-4-
ethyl- 51983 
   
Benzene, 1-ethyl-2,3-
dimethyl-  
19711   
Heptadecane, 8-methyl- 35255    
Heptadecane, 2,6,10,15-
tetramethyl-  
  41229 
1H-Indene, 2,3-dihydro-4-
methyl-  
28020 39970  
1H-Indene, 2,3-dihydro-
1,1,3-trimethyl-  
  61255 
1H-Indene, 2,3-dihydro-
1,6-dimethyl-  
  69389 
2-Ethyl-1-dodecanol    46033 
Methoxyacetic acid, 2-
tetradecyl ester  
21487   
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58295 77235 98912 
1-Heptacosanol 48390    
Benzene, (3-methyl-2-
butenyl)- 34786 
   
2,2-Dimethylindene, 2,3-
dihydro-  
19840   
Dodecane 238384 142634 191219 243496 
Sulfurous acid, butyl 
undecyl ester  
  30556 
1-Hexanol, 5-methyl-2-(1-
methylethyl)- 37414 
   
Nonadecane, 9-methyl-   46023 59639 
Dodecane, 3-methyl-   25152  
Benzene, (2-methyl-1-
butenyl)-  
25072 33978  
Benzene, (3-methyl-2-
butenyl)- 36705 
   
Undecane, 2,6-dimethyl- 38132   42212 
Naphthalene, 1,2,3,4-
tetrahydro-1-methyl- 58806 
 44703 61569 
Cyclohexane, (4-
methylpentyl)- 45833 
   





21164   
Pentadecane, 2,6,10-
trimethyl-  
24921   
10-Methylnonadecane 60504    










22131   
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306016  42808 
Heptylcyclohexane 52998 29988 42397 52529 
Phenol, 2-(1,1-
dimethylethyl)-4-methyl-  





 33542  
Octacosane 49206    
Dodecane   191219  
Undecane, 2,6-dimethyl-   34107  
Dodecane, 2,6,10-
trimethyl- 37376 
22235  30815 
Cyclohexane, hexyl-   39820 50358 
Cyclohexane, (2-
methylpropyl)-  
25600   
Cyclohexane, (1,3-
dimethylbutyl)-  
  61057 
Cyclohexane, 1,1'-
methylenebis- 39887 
31645  33194 
Isobutyl nonyl carbonate    57078 
Tetradecane 207046 124090 172859 186044 
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Naphthalene, 1,2,3,4-
tetrahydro-5,6-dimethyl-  
40199  56524 
Benzimidazole, 2-ethyl-1-
propyl-  
24600   
Benzene, 1,3,5-trimethyl-2-
(1-methylethenyl)-  
 30710  
Benzene, 1-(2-butenyl)-
2,3-dimethyl-  
 53800  
Benzene, (2-methyl-1-
butenyl)-  
  39112 
Benzene, 2-ethenyl-1,3,5-
trimethyl-  
  32421 
Nonahexacontanoic acid  36269   
1-Decanol, 2-hexyl- 52642  27465  
Naphthalene, 1,2,3,4-
tetrahydro-1,6,8-trimethyl- 60704 
36509   
Oxalic acid, 6-ethyloct-3-yl 
ethyl ester  
46738   
Tetratetracontane  32743  39655 
Oxalic acid, cyclobutyl 
pentadecyl ester 59246 
   
1-Decanol, 2-octyl- 27011    
Pentadecane 167736 104557 149648 140476 
Octadecane, 1-chloro- 36823 34126 30355 94768 
Hexadecane 204691 138724 192983 167826 
Hentriacontane 51373  48571  
Cyclohexane, 1,1'-(1,3-
propanediyl)bis- 29121 
   
Heptadecane 153987 109416 142939 124713 
Hexadecane, 2,6,11,15-
tetramethyl-  
44703  48321 
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Octadecane 107694 84685 112769 108928 
Dodecane, 2,6,10-
trimethyl- 52907 
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The previous chapter examined the effectiveness of producing bio-fuel oil from 
pistachio hulls via the KVD process. However, the maximum distillate obtained when 
using a heavier carrier oil was relatively low (approximately 6.5v/w%) with less than 
half of the pistachio hull processed. The bio-content as determined through 14C 
analysis was remarkably low for all reaction conditions, demonstrating that the majority 
of the product came from the carrier oil. These findings therefore indicate the 
unsuitability of the KDV one-step process for fuel production. 
However, an alternative promising liquefaction technology is Hydrothermal 
Liquefaction (HTL). This thermochemical process can convert organic solid wastes 
into valuable products at relatively low temperatures, albeit using high-pressure water. 
This leads to the possibility of being able to co-process plastics with biomass. Over 
the last decade, extensive research on HTL has been successful in converting algae 
biomass feedstock into biofuel products. However, research on HTL has been limited 
in studying co-liquefaction of lignocellulosic biomass and indeed plastics.  
Therefore the following study, presented in full in this chapter, aimed to explore 
pistachio hulls as a feedstock in the HTL process and determine whether the co-
liquefaction of the feedstock with a range of plastics is viable. Polyethylene, 
polypropylene, polyethylene terephthalate, and nylon were used as the plastic 
pollutants. The plastic conversion in the system was estimated through a novel FT-IR 
method, and the product phases were fully analysed. 
This work was published in Waste management in November 2019. Sukanya 
Hongthong, Sonia Raikova, Hannah Leese, Christopher J. Chuck*. Co-processing of 
common plastics with pistachio hulls via hydrothermal liquefaction, Waste 
management (New York, N.Y.), 102 (2019) 351-361. 
This chapter is submitted in an alternative format in line with Appendix 6A of the 
“Specifications for Higher Degree Theses and Portfolios” as required by the University 
of Bath.  
The work completed in this paper was conducted by the author with the exception of 
the elemental analysis was carried out by analytical department personnel at London 
Metropolitan University.  
100 
 
3.2 Waste management paper 
Co-processing of common plastics with pistachio hulls via 
hydrothermal liquefaction 
Sukanya Hongthong, Sonia Raikova, Hannah Leese, Christopher J. Chuck*. 
Department of Chemical Engineering, University of Bath, Claverton down, Bath, BA2 
7AY, United Kingdom. 
3.2.1 Keywords 
HTL  




ER - Energy recovery 
HHV - Higher heating value 
HTL - Hydrothermal liquefaction  
3.3.3 Highlights 
 HTL was used to co-process 4 common plastics with pistachio hulls. 
 Over 35% bio-crude yields were obtained. 
 PET is mainly broken down into aqueous phase products. 
 Nylon-6 breakdown almost entirely to source monomer 
 PE and PP remain largely throughout the process 
3.2.3 Abstract 
Mixed, wet, plastic streams containing food waste residues are being increasingly 
collected at point of use, but are extremely challenging to recycle and are therefore 
largely sent to landfill. While a challenging waste problem, this also represents an 
underutilised feedstock, which could be co-processed with biomass, increasing the 
scope of products, easing out seasonal variation in biomass production and increasing 
the production capacity of a traditional biorefinery. One promising method of biomass 
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conversion is hydrothermal liquefaction (HTL), where lignocellulosic residues are 
broken down in water at high temperatures and pressures to produce a bio-crude oil, 
a solid residue and an aqueous fertiliser. In this study, the co-processing of common 
plastic waste with pistachio hulls was assessed to investigate the suitability of the HTL 
approach. The HTL of pistachio hulls was undertaken at 350 °C over 15 and 60 
minutes, with four commonly used plastics: polyethylene, polypropylene, PET and 
nylon-6, in blends of up to 20 wt.% plastic to biomass. A novel FT-IR method was 
developed to estimate the conversion of plastics in the system, and the product phases 
were fully analysed. High yields of up to 35% bio-crude were achieved, and under 
optimal conditions, nylon-6 and PET were found to break down almost completely in 
the system. PET generated numerous products that distributed predominantly into the 
aqueous phase; the major decomposition product of nylon-6 was found to be the 
monomer ϵ-caprolactam, also largely partitioning into the aqueous phase. The 
polyolefins were less reactive; a limited degree of decomposition formed oxidised 
products, which distributed into the bio-crude phase. This result represents a highly 
promising method for waste plastic valorisation.   
3.2.4 Introduction 
Agricultural residues can be thermally processed through a variety of methods to 
produce  bio-oils or bio-crudes that can be upgraded to chemicals and drop-in biofuels, 
or even combined in a traditional refinery (Elliott et al., 2015). For wet biomass, 
hydrothermal liquefaction (HTL) has been reported to be an economically viable route, 
which gives high biomass conversion yields and produce bio-crudes with favourable 
higher heating values (30–39 MJ kg-1), lower oxygen contents (10–20 wt%), and a 
controllable water content (0–5 wt%) (Peterson et al., 2008). HTL avoids the need for 
drying the biomass, and instead uses pressurised vessels to keep water in the liquid 
phase; the pressure (10–25 MPa) is generated at moderate temperatures (290–350 
°C) (Akhtar and Amin, 2011; Arturi et al., 2016; Bi et al., 2017; Demirbaş, 2001; Nazari 
et al., 2015; Tekin et al., 2014). At subcritical conditions, water behaves simultaneously 
as a solvent, reactant and catalyst for a number of biomass decomposition and 
repolymerization reactions. This results in a liquid bio-crude product, as an aqueous 
phase, a solid residue fraction, and a gaseous fraction. 
Although the bulk of the early research on HTL has focused on microalgae (Biller et 
al., 2015), HTL of lignocellulosic materials is a promising alternative, especially if waste 
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agricultural resources are used. To date, a number of studies have focused on HTL of 
lignocellulosic biomass. Typical bio-crude products from the HTL of lignocellulose 
includes aliphatic compounds, aromatics and phenolic derivatives, carboxylic acids, 
esters, and some nitrogenous compounds depending on the original protein level of 
the feedstock (Costanzo et al., 2016; Pedersen et al., 2016; Xiu et al., 2010).  
Hydrothermal liquefaction of lignocellulosic biomass is a well-known process and in 
depth modelling demonstrates significant energy and GHG savings in biofuel 
production when compared with fast pyrolysis routes (Tews et al., 2014). 
Pistachio processing waste is a lignocellulosic material with considerable potential for 
use as a biofuel feedstock (Taghizadeh-Alisaraei et al., 2017). A number of studies 
investigating the pyrolysis of pistachio waste have been published to date. Yields of 
between 20–33% bio-oil have been reported (Demiral et al., 2008) (Apaydin-Varol et 
al., 2007) (Pütün et al., 2007). Açıkalın et al. achieved a yield of over 50%, in a well-
swept fixed bed reactor, though the bio-oil did have a comparatively low energy 
content of 19.5 MJ kg−1 (Açıkalın et al., 2012). To date, there have been no examples 
of liquefaction of this feedstock. 
Processing of lignocellulosic wastes to biofuels is a promising step towards decreasing 
the environmental impacts of fuel production, but process sustainability can be further 
enhanced through the integration of bio-crude production with waste management, 
such as the co-liquefaction of biomass with plastic waste streams. The increasing 
volumes of plastic waste produced globally pose a significant threat to the environment 
and human health. In 2016, global plastic production reached 335 million tonnes 
(Association of Plastic Manufacturers Europe, 2017): a dramatic increase compared 
to 230 million tonnes produced in 2005 (Association of Plastic Manufacturers Europe, 
2016). According to the World Bank, plastic waste accounts for 8–12% of total global 
municipal solid waste (MSW), estimated to increase to 9–13% of the MSW by 2025 
(Bhada-Tata, March 2012 ). Although plastic waste in the UK is partially managed 
through recycling, vast quantities of plastics continue to accumulate in landfill (Wong 
et al., 2015) due to their extremely slow degradation rates (Bezergianni et al., 2017) 
(Demirbas et al., 2016). The most abundant elements in plastic wastes are carbon and 
hydrogen, and plastics typically have high H/C ratios (Karaca and Bolat, 2000) (Shui 
et al., 2011) (Shui et al., 2013) (Jongwon Kim, 1999), and correspondingly high energy 
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contents. Therefore, the conversion of waste plastics to fuel could be an elegant 
solution to both the issue of plastic waste and sustainable energy production.  
In recent years, a number of studies on co-pyrolysis and co-liquefaction of biomass 
and plastics have been published (Uzoejinwa et al., 2018) (Wu et al., 2017). 
Thermochemical co-processing is possible, because there is an overlap between the 
temperature ranges of thermal decomposition for biomass and plastics (Jakab et al., 
2000).  It has been suggested that plastics, such as polyethylene (PE) or 
polypropylene (PP) can act as a source of hydrogen for biomass liquefaction to 
increase bio-crude yields and improve its fuel properties (Bhattacharya et al., 2009)  
(Cao et al., 2019; Fekhar et al., 2018) (Cao et al., 2019) However, to date, few reports 
have elaborated on the mechanisms of the interaction. Wu et al. reported the co-
hydrothermal liquefaction of the microalga Dunaliella tertiolecta with polypropylene 
(Wu et al., 2017).  Synergistic effects were observed for oil production, and the addition 
of PP led to improvements in the bio-oil quality, decreasing bio-crude acid content. 
Another study by Sørum et al. also demonstrated synergistic effects between PVC and 
pine wood sawdust during co-pyrolysis (Sørum et al., 2001). Seemingly, HCl released 
from the PVC under pyrolytic conditions behaved as an acid catalyst to promote 
dehydration of the biomass.  However, under the same conditions, PE and PP did not 
have a substantial impact on pine wood sawdust pyrolysis. Wang et al. observed that 
co-liquefaction of Jingou lignite, wheat straw and plastic waste in sub-critical water 
gave optimal oil yields at a ratio of 5:4:1 (respectively), (Wang et al., 2014).  
Interestingly, they also found that the addition of tourmaline gave better oil yields and 
higher oil quality than when using conventional catalysts. 
In this study, the co-liquefaction of pistachio hulls was undertaken for the first time and 
co-processed with several common plastics. Furthermore, the study aimed to 
elucidate the effect of plastic co-liquefaction of pistachio hulls on product distribution, 
yields, and product chemical compositions.  PE, PET, PP, and nylon-6, and mixtures 








3.2.5 Materials and methods 
3.2.5.1 Materials 
Pistachio hull was selected as a biomass feedstock representative of mixed food 
waste, and blended in varying ratios with polyethylene (PE), polyethylene 
terephthalate (PET), polypropylene (PP) and nylon-6 (hereafter referred to as “nylon”). 
Pistachio hull biomass (2–5 mm particle size) was obtained as a waste material after 
pistachio processing from the Wonderful Company (USA). PE, PET, PP and nylon 
were obtained from Sigma-Aldrich and ground using a commercial food blender to a 
particle size of <350 μm prior to use. Ultimate analysis was conducted following ASTM 
D5291 to determine carbon, hydrogen and oxygen. The high heating value of dry 
pistachio hull was 17.46 (MJ kg-1) which was measured following ASTM E711. The 
biomass composition is given in the supporting information. 
3.2.5.2 Hydrothermal liquefaction of co-liquefaction of pistachio hull  
Co-hydrothermal liquefaction of pistachio hulls with plastics was carried out in a 50 mL 
stainless steel batch reactor. The reactor was equipped with a pressure gauge and 
pressure relief valve, and a needle valve to release gaseous products. The 
temperature was monitored using a thermocouple connected to data logging software. 
In a typical experiment, the reactor was loaded with a total of 3 g material (pistachio 
hull blended with PE, PP, PET, nylon, or a mix of the four plastics).  Biomass: plastic 
weight ratios examined were 100:0, 90:10 and 80:20. The 90:10 ratio experiments 
contained 2.7 g of biomass and 0.3 g of either PE, PP, PET or nylon. For the 80:20 
weight ratio, the experiments contained 2.4 g of biomass and 0.6 g of either PE, PP, 
PET, or nylon. The feedstock was mixed with 15 g of distilled water to form a slurry. 
The reactor was sealed and loaded into a preheated furnace to either 500°C or 700°C. 
The reactor was held in the furnace until the temperature reached 350 °C, 60 and 15 
min, respectively. Upon reaching the desired temperature, the reactor was removed 
from the furnace and allowed to cool to room temperature. Each experiment was 
repeated three times to determine experimental error. 
3.2.5.3 Separation of liquefied product 
After cooling, gaseous products were released via the needle valve into an inverted, 
water-filled measuring cylinder to measure total gas volume. Gas phase yield was 
calculated from volume using the ideal gas law. The reactor contents were filtered 
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through a filter paper to separate the aqueous phase from the water-insoluble fraction 
(consisting of the bio-crude and bio-char). The solid-liquid mixture remaining on the 
filter paper was washed repeatedly with chloroform until the solvent ran clear. The 
chloroform was removed using a rotary evaporator at 35 °C for 2 hours to isolate the 
bio-crude. The solids were oven-dried overnight at 60°C to determine the solid phase 
product yield. An aliquot of the aqueous phase products was dried overnight at 60°C 
to determine the yield of non-volatile organics and inorganics in the aqueous phase, 
designated as “aqueous phase residue”. 
3.2.5.4 Yield of product 
The yields of each product phase were calculated as mass percentage on a dry basis. 
Bio-crude was calculated from mass left after remove residual solvent via rotary 
evaporation. Bio-crude yield was determined using the following equation:  
𝑦𝑖𝑒𝑙𝑑𝑏𝑖𝑜−𝑐𝑟𝑢𝑑𝑒  =  
𝑚𝑎𝑠𝑠 𝑏𝑖𝑜−𝑐𝑟𝑢𝑑𝑒 (𝑔)
𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔) + 𝑚𝑎𝑠𝑠 𝑝𝑙𝑎𝑠𝑡𝑖𝑐(𝑔)
× 100   (1) 
The char yield was calculated from the collected char mass on the filter paper after 
letting it dry in an oven at 60℃. Solid yield was determined using the following 
equation: 
𝑦𝑖𝑒𝑙𝑑𝑠𝑠𝑜𝑙𝑖𝑑 =  
𝑚𝑎𝑠𝑠 𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 (𝑔)
𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔) + 𝑚𝑎𝑠𝑠 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 (𝑔)
× 100   (2) 
Gas volume was calculated according to literature precedent, by using the ideal gas 
law and assuming that the gas was completely CO2 (Raikova et al., 2016).  
𝑦𝑖𝑒𝑙𝑑𝑔𝑎𝑠 =  
(𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 × 1.789 × 10−3)
𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔) + 𝑚𝑎𝑠𝑠 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 (𝑔)
 × 100    (3) 
The solid yield in the aqueous phase was calculated by taking a 2.0 g aliquot of the 
phase and drying at 60 ℃. Aqueous phase residue yield was determined using the 
following equation:    
𝑦𝑖𝑒𝑙𝑑𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒(𝑔)
𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔) + 𝑚𝑎𝑠𝑠 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 (𝑔)
 × 100  (4) 
The overall mass balance of the reaction was calculated as follows: 
𝑚𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%) = 𝑠𝑜𝑙𝑖𝑑 (%) + 𝑏𝑖𝑜-𝑐𝑟𝑢𝑑𝑒 (%) + 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (%) + 𝑔𝑎𝑠 (%)  (5) 
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3.2.5.5 Characterisation of HTL products  
The chemical composition of the volatile fraction of the bio-crude was investigated 
using an Agilent Technologies 7890A GC system fitted with a 30 m × 250 µm × 0.25 
µm HP5-MS column, coupled to a 5975C inert MSD.  Samples were dissolved in THF, 
and helium (1.2 mL min-1) was used as the carrier gas. Initial oven temperature was 
set to 50°C, increasing to 250 °C at 10 °C min-1. Initial identification of compounds was 
performed using the NIST mass spectral database.  
Solid phase products were analysed using FTIR. Spectra were recorded on a Thermo 
Scientific Nicolet iS5 FTIR spectrometer in the wavenumber range between 4000–600 
cm-1. FTIR was used to assess the level of unreacted plastic remaining in the solid 
phase products as a proxy for the extent of plastic conversion. Calibration curves were 
developed by mixing known amounts of bio-char from the HTL of pure pistachio 
biomass with known amounts of plastics and grinding finely in a mortar and pestle to 
ensure a homogeneous blend. The blended samples were analysed by FTIR, and two 
characteristic absorbance’s were selected for each plastic/biomass combination, one 
unique to the plastic, and another unique to the biomass component. The ratio of the 
two absorbance’s was calculated as described in the study of Lao and Li (Lao and li, 
2014), and used to create a calibration curve, against which the samples of bio-char 
produced experimentally were assessed. Each bio-char sample was analysed in 
triplicate; average values of absorbance ratio were used to calculate conversion. 
Further information is given in the supporting information.  
3.2.5.6 Elemental analysis, carbon and energy recoveries 
Elemental analysis (carbon, hydrogen and nitrogen content) of the biomass feedstock 
and products was carried out externally at London Metropolitan University on a Carlo 
Erba Flash 2000 Elemental Analyser. Oxygen content was determined by difference, 
assuming negligible sulphur in the products.  
𝑂 (𝑤𝑡%) = 100 − 𝐶 − 𝐻 − 𝑁 (𝑤𝑡%)      (6) 
The higher heating values (HHV) of the biomass, bio-char and bio-crude were 
calculated using the Dulong formula, where C, H, and N are the weight percentages 
of each element: 
𝐻𝐻𝑉 (𝑀𝐽 𝑘𝑔−1) = 0.3383𝐶 + 1.422 (𝐻 − (
𝑂
8
))    (7) 
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Energy recovery in each product phase was calculated as follows:  
𝐸𝑛𝑒𝑟𝑦 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝐻𝐻𝑉 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) 
𝐻𝐻𝑉 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (%)  
    (8) 
3.2.6 Results and Discussion 
3.2.6.1 Effect of waste plastic contents on bio-crude yields and mass balance 
Initially, the influence of the ratio between pistachio hull waste and plastic in the HTL 
feedstock on the distribution of product phases was investigated. HTL was carried out 
at 350 °C for 15 minutes, based on previously reported optimal conditions (Raikova et 
al., 2019). Mass balances are shown in Figure 3.2-1a where product yields were 
calculated on the basis of total feedstock (biomass and plastic) input.  
In general, co-liquefaction with plastics resulted in an increase in overall bio-char yields 
relative to the HTL of pistachio hulls alone. The most significant impact was observed 
for co-liquefaction with PE, with a substantial increase in bio-char production from 
22.1% to 35.6 % at a 10 wt.% blend, and from 22.1% to 40.7 % at a 20 wt.% blend. 
On the addition of PE, the yield of gas phase product increased slightly from 15.9 % 
for pure pistachio to 17.8 % for a 10 wt.% PE blend, but decreased slightly for a 20 
wt.% PE blend to 15.1 %. Blending feedstocks with polyethylene was found to deplete 
bio-crude yields substantially, with yields decreasing from 34.1 % to 20.4 % for a 10 
wt.% PE blend, but increasing somewhat to 26.8 % for 20 wt.% PE. The aqueous 
phase residue yield was not significantly impacted by co-liquefaction with PE and only 
a slight yield increase of 1.0–1.5 % was observed for 10 wt.% and 20 wt.% PE blends 
respectively.  
For PP, higher yields of bio-crude were obtained for the 10 wt.% PP blend, whereas 
slight decreases were seen for the 20 wt.% PP blend (bio-crude yields of 36.3 % and 
30.7 % respectively). The addition of PP also had a significant effect on bio-char 
production – bio-char yield increased from 22.1% to 30.1 % for the 10 wt.% PP blend, 
and rose further to 40.3 % for the 20 wt.% PP blend. The gas phase product yields 
obtained from both the 10 wt.% and 20 wt.% PP blends were similar to those obtained 
for HTL of pure pistachio. Co-liquefaction with PP contributed to a modest increase in 
aqueous phase residue production – (from 8.3% to 10 % for 10 wt.% PP loading and 
up to 9.6 % for the 20 wt.% PP loading). The majority of the PE and PP were recovered 
in the solid phase products. 
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For PET, the gas phase products were not strongly impacted by co-liquefaction, with 
16.2 % gas phase produced at 10 wt.% PET, although this dropped to 13.2 % for the 
20 wt.% PET blend. Bio-crude yields obtained on PET co-liquefaction showed a slight 
increase compared to HTL of pure pistachio (bio-crude increased by 0.6 % for the 10 
wt.% PET blend to 34.6%, and remained almost unchanged for the 20 wt.% blend). In 
addition, PET was found to increase bio-char production to 24.2 % and 37.8 % for the 
10 wt.% and 20 wt.% PET blend. As for PE and PP, aqueous phase residue obtained 
from PET blend was again not strongly affected, with a slight increase of 1.7 % and 1 








Figure 3.2- 1– a) Mass balance of HTL product from liquefaction of pistachio hull with 
PE, PP, PET, NY, and plastic mixture at (a) 10 wt.%, and (b) 20 wt.% of plastic blend 
loading. b) Synergistic effect on bio-crude yields from co-liquefaction of pistachio 

































































In contrast with the other plastics, the increase in bio-char production was much 
smaller for the co-liquefaction of pistachio hull with nylon (24.1 % and 23.8 % bio-char 
for 10 wt.% and 20 wt.% NY, compared to 22.1 % for the liquefaction of pure pistachio 
hull). Bio-crude yields obtained for the nylon blends were 30.0 % for the 10 wt.% NY 
blend, whilst the 20 wt.% NY blend gave a similar yield of 30.1 %. Gas phase product 
yields decreased from 15.9 % for pure pistachio hull to 11.0 % at the 10 wt.% NY blend 
level and 11.6 % for the 20 wt.% NY blend. Residue from the aqueous phase increased 
substantially from 8.3 % for pure pistachio hull HTL to 15.1 % and 17.5 % for 10 wt.% 
and 20 wt.% nylon blends, respectively.  
Co-liquefaction of pistachio hull with a mix of the plastics in equal proportions 
increased bio-char production substantially to 30.6 % and 33.9 %, respectively, for 10 
wt.% and 20 wt.% blends, whilst bio-crude yields decreased to 31.9 % for the 10wt% 
plastic loading, and subsequently to 27.1 % for the 20wt% loading. Gas yields were 
not strongly affected. Aqueous phase residue yields obtained from HTL of pistachio 
hulls with the plastic mix showed a slight increase compared to pure pistachio hulls, 
rising from 8.3 % to 12.6 % and 13.3 % for 10 wt.% and 20 wt.% blends, respectively.  
Co-processing with plastics does not appear to have a significant benefit in terms of 
bio-crude oil production from pistachio hull. Bio-crude oil yields obtained from co-
liquefaction at 10 wt.% and 20 wt.% plastic blends were similar to those produced from 
pistachio hull waste alone for PP, PET and nylon, and depleted significantly for PE.  
With PET and NY there is a potential interaction between the biomass and the plastics 
where the biomass could synergistically aid the breakdown of plastic. The synergistic 
effect of the interaction between biomass and plastics can be determined by the 
equation 9 below: 
𝑆𝑦𝑛𝑒𝑟𝑔𝑖𝑠𝑡𝑖𝑐 𝑒𝑓𝑓𝑒𝑐𝑡 = 𝑌𝑏𝑖𝑜𝑐𝑟𝑢𝑑𝑒 − (𝑋𝑝𝑖𝑠𝑡𝑎𝑐ℎ𝑖𝑜  × 𝑌𝑝𝑖𝑠𝑡𝑎𝑐ℎ𝑖𝑜 + (1 − 𝑋𝑝𝑙𝑎𝑠𝑡𝑖𝑐) × 𝑌𝑝𝑙𝑎𝑠𝑡𝑖𝑐)(9) 
where, Ybiocrude is the yield of bio-crude obtained in experiment, Xpistachio and Xplastic are 
the mass fraction of pistachio and plastics in the total reaction mixture, Ypistachio is the 
bio-crude yield of pure pistachio, and Yplastic is the bio-crude yield of pure plastic.  
As PE and PP do not react under these conditions without biomass present, the 
synergistic effect was only calculated for the co-liquefaction of PET/biomass and 
nylon/biomass blends. Overall the presence of biomass enhances the conversion of 
the plastic in the liquefaction process, and a positive correlation was observed for the 
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total bio-crude yield, with the exception of the 10%wt nylon blend (Figure 3.2-1b). The 
positive effect of a synergy between biomass and PET, increasing the bio-oil yield was 
also observed by Çepelioğullar and Pütün, during co-pyrolysis of hazelnut shells with 
PET (Çepelioğullar and Pütün, 2013). 
3.2.6.2 –Bio-char composition and properties 
To determine the fate of the plastics, the bio-char was analysed by elemental analysis 
and FT-IR. The elemental composition of the bio-char produced through the co-
liquefaction is presented in Figure 3.2-2. Overall, there was substantial variation in the 
elemental composition of the bio-chars. For example, the carbon content ranged from 
50.5–75.5 %, nitrogen content ranged between 1.3–3.9 %, hydrogen contents 
between 3.6–9.3 % and oxygen contents of 17.1–44.0 % were observed. Co-
liquefaction with PET caused the most substantial decrease in C and increase in O 
content in bio-chars (from 61.2 % C and 30.1 % O for pure pistachio bio-char, to 50.5 
% C and 44 % O obtained for bio-char from co-liquefaction of pistachio with 20 wt.% 
PET). Co-liquefaction with PP contributed to an increase in C content (71.9 % and 
72.3 % C for 10 wt.% and 20 wt.% PP blends, respectively). The additional PE bio-
char had the highest carbon content and the lowest nitrogen (75.5 % and 1.3 %, 
respectively). This is suggestive that the PE and PP is not breaking down and rather 
distributing into the char.  
 
Figure 3.2- 2–Elemental composition (determined by elemental analysis) of the bio-
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The heating value (HHV) is commonly used to describe the energy content of any fuel 
(Qian et al., 2013). The bio-char produced in the HTL reaction is also suitable for 
combustion and as such the HHV of the bio-chars produced were calculated (Figure 
3.2-3a). While the bio-char from pistachio hull had a very similar energy content to 
those produced from the nylon and PET reactions, the bio-char produced from the PE 
and PP liquefactions was extremely high with up to 37 MJ kg-1 observed. This suggests 
that the majority of the polyolefins are not reacting, and rather remaining in the bio-
char increasing the HHV.   
One method of assessing the suitability of bio-chars as a solid fuel is to determine and 
compare the elemental ratios of H/C and O/C through a Van Krevelen diagram (Van 
Krevelen, 1950). The H/C and O/C ratios also give an indication of the structural 
transformation (Wang et al., 2015) and surface hydrophilicity of bio-char (Tan et al., 
2015). In this study, similar to the HHV, an increase of H/C ratios was found for the 
presence of PE and PP blends compared to pure pistachio, and a slight increase in 
the H/C ratios from 0.92 to 1.09 and 1.08 for the presence of 20 wt.% PP and PE 
blends, respectively. In the contrast, the H/C ratio was much smaller for pistachio with 
PET. The H/C ratio obtained for the bio-char from nylon blends were 0.74 and 0.66 for 







Figure 3.2- 3–a) Bio-char heating value of the bio-char of different plastic contents 10 
wt.% and 20 wt.% of PE, PP, PET, and NY. b) Van Krevelen diagram with H:C and O: 
molar ratio for co-liquefaction of biomass with plastics char, coal, and lignin (Kookana 
et al., 2011) 
For the O/C ratio (the degree of polarity), the additional PET has the highest O/C ratio 
(0.45 and 0.44 for10 wt.% and 20 wt.% PET blends). Co-liquefaction of nylon 
contributed to an increase 0.43 for 20 wt.% nylon but slight decrease to 0.36 for 10 
wt.% nylon blend. The smallest O/C ratio was found in the additional PE (0.16 and 





















































10 wt.% and 20 wt.% PP blends.  The H/C and O/C ratios for the bio-chars in this study 
were plotted and compared to typical solid heating fuels (Figure 3.2-3b).   
A lower H/C and O/H ratio have been assumed to be due to a greater the degree of 
aromaticity and stability (Kookana et al., 2011). The positions of the bio-char from PE 
and PP were similar to coal, and were presumably increased by a large level of 
unreacted plastic in the solid residue.  For the bio-char from biomass/PET and 
biomass/nylon were found ranging in between lignin and nature char, this indicates a 
higher level of conversion in these reactions.  
3.2.6.3 Identification of major functional groups in bio-char 
Hydrothermal conversion of biomass produces bio-char as one of the major products, 
although HTL bio-char is structurally different to bio-char derived from high-
temperature pyrolysis (Hu et al., 2018). For example, HTL bio-char tends to have a 
higher abundance of oxygen-containing functional groups (Liu et al., 2010). In order to 
achieve a better understanding of the effect of plastics on pistachio hull HTL, bio-chars 
were analysed using FT-IR to identify the key functional groups present. 
The FT-IR spectra of bio-char from HTL of pure pistachio contained strong absorption 
bands at 2800–3300 cm-1, attributable to C–H stretching vibrations from methyl and 
methylene-containing organic compounds. An absorbance attributed to alkane 
bending is seen at 1066–1145 cm-1. The presence of esters and acids in the spectra 
is evidenced by the strong C=O absorbance at 1800–2000 cm-1. The absorption peak 
observed around 1612 cm-1 can be assigned to aromatic rings in lignin and thus 
verified to the presence of lignin in bio-char (Konsolakis et al., 2015). A vibration at 
1570 cm-1 and 898 cm-1 can be attributed to the presence of aromatic rings, likely 
arising from asphaltenic materials in the bio-char (Wang and Griffiths, 1985) (Lua and 
Yang, 2004). A similar observation was also reported for the pyrolysis of pistachio shell 
(Açıkalın et al., 2012; Apaydin-Varol et al., 2007) and green fabrication of Cu/pistachio 
shell nanocomposite (Taghizadeh and Rad-Moghadam, 2018).  
For bio-char from co-liquefaction of pistachio hull with PE, peaks of moderate intensity 
were observed at 2936, 1593, 1267 cm-1, similar to those obtained for bio-char from 
HTL of pure pistachio hull. However, sharp peaks at 2850 and 2920 cm-1 are also 
present, which are not observed for pure pistachio hull bio-char, attributable to C–H 
bonds (Figure 3.2-4a). In addition, peaks were observed at 1451 and 1376 cm-1, which 
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were also seen in the FT-IR specta of pure PE, but not in the spectra of the bio-char 
from pistachio hull liquefaction. These findings suggest the presence of unreacted 
polyethylene in the HTL char.  
On comparing the spectra of the bio-char from the HTL of pistachio hull, the bio-char 
from pistachio hull co-liquefaction with PP, and pure unreacted PP, absorbance 
attributable to C–H bond stretching vibrations at 2920 cm−1 and 2849 cm-1 are present 
in the co-processed samples and the pure PP, which are not seen for bio-char from 
pure pistachio hulls (Figure 3.2-4b). Additionally, with increasing PP loading in the 
blended samples, peaks at 1365 and 1420 cm-1 attributable to alkane C–H bending 
sharpen, suggesting the presence of increasing amounts of unreacted PP.  
For bio-char produced from blended pistachio hull and PET, a number of peaks at 
similar wavenumbers to pure PET were observed (2920 cm-1, 1017 cm-1, 872 cm-1), 
suggesting the presence of some unreacted plastic. However, a number of additional 
peaks unique to the blended pistachio/PET bio-char, and not present in either pure 
PET or bio-char from pure pistachio, were also observed at 820, 1400 and 1575 cm-1: 
these are attributed to C–H, O–H and C=C bonds. The appearance of new absorbance 
peaks can be taken as evidence of reactions occurring between the biomass and PET 
under HTL conditions, and the formation of new compounds (Figure 3.2-4c).  
In contrast, the FT-IR spectra of bio-char from the HTL of pistachio hulls blended with 
nylon were almost identical to the spectrum of pure pistachio hull bio-char (weak 
absorbance at 1570 cm- 1, 1249 cm-1, 1068 cm-1 and 720 cm-1, corresponding to O–H 
stretching vibrations and aromatic C=C bonds (Figure 3.2-4d). The presence of nylon 
co-feedstock in HTL reactions did not appear to change to composition of the bio-char, 
suggesting that nylon reacted more completely, forming more soluble products than 
the other three plastics examined.  
The FTIR spectra of the char are high similar however, those produced from the co-
liquefaction with PE and PP blends show a far stronger absorbance at ⁓2800-3000 
cm-1 suggestive of an aliphatic functional group (Chen et al., 2008). These intensive 
peaks, coupled to the enhanced C and H contents, as well as HHV of the char strongly 
suggest unreacted polymer. In contrast, the intensity of these peaks decreased 
substantially in the char produced from the PET and nylon co-liquefaction studies. So 
much so, that the FTIR spectra of the bio-char produced from the nylon blends closely 
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resembles the char produced from pure pistachio hull. These results suggest that 
during co-liquefaction of pistachio and nylon, there is synergetic interaction between 
the two components improving decomposition. The complete decomposition of nylon 
is in agreement with another previous study of the co-liquefaction with macroalgae 
(Raikova et al., 2019).  The most resistant polymer to decomposition was PE and this 
is presumably due to the to the high activation energy needed to decompose the 
polymer, the instability of the potential secondary products and to diffusion limitation 
caused by PE melted during the HTL process (Burra and Gupta, 2018).  




Figure 3.2- 4–FTIR of pure plastics and solid phase from hydrothermal co-liquefaction of 
pistachio hull with (a) polyethylene, (b) polypropylene, (c) polyethylene terephthalate, and (d) 
nylon.  
3.2.6.5 Quantification of unreacted plastic in bio-char   
The presence of plastics alongside pistachio hull biomass had an effect on the yields 
and composition of the four product phases. It is important to be able to quantitatively 
understand what proportion of the plastic remained unconverted in the HTL reaction, 
and how plastic degradation products are distributed between the four product phases. 















































material to the bio-char phase. This may be attributable to a number of factors: the 
presence of unreacted plastics, plastics partially or entirely converted to new solid-
phase product molecules, biomass-derived solids converted to bio-char in higher 
quantities in the presence of plastic or a combination of the above. By identifying the 
proportion of unreacted plastics in the bio-char phase, it is possible to assess the 
degree of plastic conversion. Fourier transform infrared (FTIR) spectroscopy has 
played an important role in quantitative analysis of mixed solid materials in a number 
of studies, and can be a simple and inexpensive technique for determining plastic 
content in biogenic samples. 
Chen et al. demonstrated quantitative determination of clay minerals, quartz and 
carbonates, as well as organic matter in shale, using KBr-FTIR spectroscopy (Chen et 
al., 2014). Pandey and Pitman used FTIR to investigate the lignin content in wood and 
wood decayed by the brown- rot fungus Coniophora puteana, by identifying 
characteristic FTIR absorbance peaks for lignin and wood, and using the ratio of peak 
intensities to determine lignin content (Pandey and Pitman, 2004). Lao et al. 
demonstrated that FTIR could be used to quantify biomass in wood-plastic 
composites. FTIR was used to analyse the wood samples and plastics independently, 
and peaks which were unique to the biomass and plastic components were identified 
(Lao and li, 2014). Taking a number of composites with different biomass contents, 
the peak ratios of the signature biomass and plastic peaks were calculated, and 
univariate regression was used to generate equations to predict biomass content in 
composites. Another study of wood-plastic composites by Stark and Matuana (Stark 
and Matuana, 2007) used Attenuated Total Reflectance Fourier Transform Infrared 
(ATR-FTIR) spectroscopy combined with principal component analysis to classify 
wood-plastic composites species.  
In this study, the conversions of plastics were estimated by plotting calibration curves 
of known amounts of the plastics with bio-char generated from the reaction which 
contained only pistachio hull. Calibration curves were created for each plastic/biomass 
combination (polyethylene/pistachio hull, polypropylene/pistachio hull, polyethylene 
terephthalate/pistachio hull, nylon/pistachio hull) by mixing bio-char from HTL of pure 
pistachio hull with plastics at a range of known concentrations. Calibration curves and 
further information are provided in the Supplementary Information (Table 3.3-3–3.3-6, 
and Figure 3.3-1–3.3-4). 
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The content of unreacted plastics in the bio-char phase can be used to determine the 
overall conversion, which includes plastics converted to water-soluble material in the 
aqueous phase, as well as bio-crude, volatile gas-phase products and plastic-derived 
materials in the solid bio-char phase that have undergone reactions to form new 
molecules (although it excludes polymer chains that may have undergone reactions 




𝑢𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑏𝑖𝑜−𝑐ℎ𝑎𝑟 (%)× 𝑏𝑖𝑜−𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (𝑔)
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑔)
   (10) 
  
Conversions of the bulk plastic are presented in Figure 3.2-5. Nylon demonstrated the 
highest overall conversion through HTL (84 %); PET conversion was also high (53 %). 
In contrast, polyethylene and polypropylene were highly resistant to degradation. For 
polyethylene, only 17 % was converted into HTL products at a 10 wt.% blend, but no 
conversion was observed for the 20 wt.% blend. For polypropylene, approximately 9 % 
was converted at 20 wt.% blend level, although the 10 wt.% blend showed little 
reactivity. Out of all the plastics examined, PE blends were remarkably resistant to 
degradation. Co-liquefaction of PE blends is may attributed to diffusion limitation 
caused by PE melted during HTL process and increase in the stability of its 
decomposed (Burra and Gupta, 2018).  
 
























10 wt.% plastic blend
20 wt.% plastic blend
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3.2.6.6 Bio-crude elemental composition 
The main product produced from the HTL conversion was the bio-crude that can be 
converted into an array of platform chemicals and biofuels (Biller et al., 2015). 
Elemental composition of the bio-crude produced from co-liquefaction of pistachio 
hulls with plastics did not change substantially relative to bio-crude from pure pistachio 
hulls (Figure 3.2-6a). Carbon content increased slightly for co-liquefaction with PE and 
PET, although small reductions were seen for co-liquefaction with PP and NY. 
Nitrogen content slightly increased with the addition of PE and nylon, which gave rise 
to increases in bio-crude N from 1.73 % for pure pistachio hull bio-crude to 2.18 % and 
2.43 % for 10 wt.% and 20 wt.% PE blend loading and increased to a maximum of 
3.47 % for a 20 wt.% nylon blend level. Oxygen levels were relatively high (ca. 18 %), 
and were not strongly affected by co-liquefaction with plastics, with the exception of 
PE, which decreased bio-crude O content to 10–13 %.  
The HHV of bio-crude from co-liquefaction of pistachio hull with plastics was found to 
be in the range of 32–38 MJ kg-1 (Figure 3.2-6b). In the presence of PE, the HHV 
increased from 33.6 MJ kg-1 for pure pistachio hull bio-crude to 38.0 and 36.8 Mj/kg 
for 10 wt.% and 20 wt.% PE blends. However, HHV decreased slightly by 0.6–1.4 % 
for 20 wt.% blends of PP, PET and nylon. This value was higher than the HHV obtained 
from pyrolysis pistachio (19.45 MJ kg-1) (Açıkalın et al., 2012). The presence of plastics 
in biomass hydrothermal liquefaction contribute mostly more increasing in the heating 
value of bio-crude obtained by reducing the high oxygen content of bio-crude from 
pure biomass, this resulted can be confirmed by various studies on co-pyrolysis with 
plastics and biomass (Jung et al., 2010) (Zhou and Yang, 2015) (Aydinli and Caglar, 
2010).  
According to the measure energy consumption, hydrothermal liquefaction as 
employed in this study is a relatively low-energy technique because it makes use of 
the high pressure of the saturation water. Due to specific heat capacity and the low 
compressibility of water, the energy consumption required to achieve the critical 
conditions is not excessive, with the completed reaction taking place within 15 minutes. 
The energy required for hydrothermal liquefaction is less in terms of biomass drying 
and dewatering processing due to the avoidance of the evaporation step. Therefore, 
hydrothermal liquefaction processing can lead to high net energy values. This 
investigation can  be confirmed by various studies(Chan et al., 2016) (Yang et al., 
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2017) (Watson et al., 2019) (Zhu et al., 2014) (Elliott et al., 2015). In order to determine 
the effective outcome, the energy in the feedstock is converted into the bio-crude 
phase product which is a key target of hydrothermal liquefaction products. The energy 
recovery was calculated based on the bio-crude yield, elemental composition and 
heating value obtained. Considering the energy recovery (Figure 3.2-6c), the highest 
overall energy recovery was found for 20 wt.% blend PET (70%), this was observed 
to be similar to bio-crude produced from straw types via pyrolysis (Tröger et al., 2013). 
Energy recovery was also enhanced compared to the HTL from pure pistachio (60%). 
In contrast, 10 wt.% blend PE showed the lowest energy conversion (38%), this result 



















































Figure 3.2- 6– (a) Bio-crude composition from the co-liquefaction of pistachio hulls 
with 10 wt.% and 20 wt.% PE, PP, PET and NY blend loading, b) bio-crude heating 
value, and (c) the energy recovery in the bio-crude products from the co-liquefaction 
of pistachio hulls with PE,PP, PET and NY at 10 wt.% and 20 wt.% blend levels. 
3.2.6.7 Bio-crude chemical composition 
In order to investigate the effect of plastics on the bio-crude composition, GC-MS was 
used to characterise the bio-crudes produced from co-liquefaction of pistachio hull with 
PP, PE, PE, NY and mixtures of the above. The compounds identified were classified 
into three categories based on the functional groups: (1) monoaromatics such as 
benzene, phenol and their derivatives, (2) aliphatic compounds such as cyclopentene 
and cyclohexene, and (3) oxygenated compounds such as acetic acid-4-methylphenyl 
ester for example. The majority of compounds identified in each bio-crude were 
composed predominantly of phenolic compounds – these presumably originate from 
lignin, which is one of the major components of the pistachio hulls.  
GC-MS analysis of the bio-crude from pure pistachio hull showed the presence of 
phenolic compounds, substituted cyclopentenones, and low levels of 4-methyl,1,2-
benzenediol. PET, PP and nylon are more susceptible to degradation than PE – kinetic 
studies on the decomposition of polyolefins have found that the minimum amount of 
energy required to activate PP and PE was equal to 243 and 301 kJ mol-1, respectively 
(Wall et al., 1954). For co-liquefaction with PE, degradation of the polymer chains 
through a random scission mechanism was expected to form aliphatic hydrocarbons 






c) Energy recovery (%)
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A slight increase in ketone formation was observed in the presence of PE, however, 
no increase in the abundance of medium- or long-chain aliphatic hydrocarbons was 
detected as evidence of PE fragmentation (although it is possible that fragmentation 
products were present, but too large to be soluble).  
An unexpected increase in the relative abundance of pyridinol and its derivatives was 
also observed in the presence of PET, suggesting that PET activates protein 
decomposition in the pistachio hull biomass. Additionally, the presence of variously 
substituted benzenediols and phenols may originate from PET decomposition, 
although terephthalic acid monomer was not observed. Co-liquefaction of biomass 
with nylon 6 resulted in the appearance of a large peak attributable to monomeric 
caprolactam in the bio-crude. Caprolactam has previously been shown to 
depolymerise in aqueous conditions at temperatures as low as 120°C (Brydson, 1999). 
Caprolactam is soluble in both chloroform and water, so is likely to be distributed 
between the bio-crude and aqueous phases. A summary of the most abundant 
compounds in the bio-crudes produced, identified using GC-MS, is presented in the 
Supporting Information (Table 3.3-7).  
3.2.6.8 Aqueous phase 
Co-liquefaction of pistachio hulls with PE, PP and PET in the aqueous phase showed 
a decreased carbon and nitrogen content (Table 3.2-1). The total organic carbon and 
total nitrogen in the aqueous product phases is distributed very similarly with 16.7 %, 
17.5 % and 18.4 % for carbon concentration and 0.87, 0.86 and 0.72 % for nitrogen at 
a 10 wt.% blend of PE, PP, and PET, respectively. Aqueous phase carbon and 
nitrogen contents decreased slightly for both 10 wt.% and 20 wt.% blends of PE and 
PP. In contrast, co-liquefaction with nylon shows increases in both carbon and nitrogen 
content in the aqueous phase at 20.8 and 31.7 % for 10 wt.% and 20 wt.% nylon blend 
loading. This observation is predominantly due to the formation of water-soluble 







Table 3.2- 1–Elemental composition of aqueous phases produced from liquefaction of 
pistachio hulls with plastics 
Sample TOC (g L-1) TN (g L-1) 
100% biomass 17.9 0.94 
10% PE 16.7 0.87 
10% PP 17.5 0.86 
10% PET 18.4 0.72 
10% NY 20.9 1.87 
10% Mix 19.7 1.26 
20% PE 15.0 0.81 
20% PP 15.8 0.78 
20% PET 18.6 0.64 
20% NY 31.7 3.54 
20% Mix 22.2 1.91 
 
3.2.6.9 Optimisation of reaction time and heating rate 
Although it has previously been shown that bio-crude yields are increased at faster 
heating rates and shorter reaction times (Hietala et al., 2016; Valdez et al., 2012) 
(Faeth et al., 2013) (Eboibi et al., 2014), longer reaction times and slower heating may 
enhance the decomposition of unreactive plastics such as PE and PP under HTL 
conditions. HTL reactions were therefore carried out using slower heating rates (5.5 
°C min-1) to achieve longer reaction times, giving an overall reaction time of 60 min. 
Longer reaction times did not appear to increase bio-crude production, instead 
contributing to increasing bio-char and gaseous products (fig. 3.3-7), in line with 
previous studies on biomass liquefaction (Bezergianni et al., 2017; Duan and Savage, 
2011). At longer reaction times, bio-crude products can polymerise to give heavier oil 
fractions and solid phase materials, but long reaction times can also result in 
hydrocracking of organic compounds into gases, further reducing the bio-crude yields. 









Figure 3.2- 7–Effect of longer reaction time on products yield where (a) is a plastic loading 
(PP, PE, PET, NY or mixture) of 10 wt.% (b) is a plastic loading of 20 wt.% (PP, PE, PET, NY 

































































Similarly, FT-IR spectroscopy of the bio-char produced from co-liquefaction at slower 
heating rates suggested that slower heating rates and increasing the reaction time did 
not facilitate the conversion of plastics. The majority of the peaks observed occurred 
at identical wavenumbers to those seen in bio-char produced under more severe 
reaction conditions, with more intense absorbance’s suggesting the presence of higher 
levels of plastics in the bio-char. Notably, C–H adsorption bands were observed at 
2924 cm-1and 2850 cm-1 the PET blends, and at 2935 cm-1 and 2868 cm-1 for nylon, 
which were not observed for the bio-chars produced at faster heating rates (see Figure 
3.3-7 in Supporting Information for all spectra).  
The conversion of plastic was calculated using Eqn. 10, as previously. Compared to 
faster heating rates, HTL carried out at slow heating rates (5.5 °C min-1) gave rise to 
lower overall conversions of plastics in all cases with the exception of the 10 wt.% NY 
blend (a slight increase from 74 to 82 % conversion for slow heating rates) and the 20 
wt.% NY (a modest increase from 84 to 88 % conversion). This indicates that faster 
heating rates are preferred for optimising both overall bio-crude yield and plastic 
conversion. 
3.2.5 Conclusions 
Hydrothermal liquefaction is a highly promising conversion technology for 
lignocellulosic biomass. In this study the addition of PE, PP, PET and Nylon to the 
liquefaction of pistachio hulls was investigated, to determine the suitability of co-
processing the waste feedstocks together. Promisingly, both PET and nylon-6 were 
depolymerised under HTL conditions, and in the case of nylon-6, the monomer ϵ-
caprolactam was recovered predominantly in the aqueous phase. The polyolefins 
were much less resistant to decomposition, though what was broken down partitioned 
into the bio-crude phase and increased the HHV of the bio-crudes substantially.  
Although co-liquefaction of lignocellulosic residues and contaminated plastic wastes 
is a potentially elegant means to utilising waste streams for value creation, taking steps 
to further enhance the conversion of the recalcitrant polyolefins is necessary before 
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3.3 Supporting Information  
3.3.1 Properties of pistachio hull feedstock 
Table 3.3- 1–Properties of pistachio hull feedstock 
Properties Result Method 
Moisture  14.31 wt.% ASTM E1755 
Ash  4.24 wt. %  ASTM E1755 
Volatile Matter 70.09 wt. % ASTM E1755 
Fixed Carbon 11.35 wt. %  ASTME1755 
Carbon  41.22 wt. %  ASTM D5291 
Sulfur 0.13 wt. %  ASTM E3177 
Hydrogen 6.98 wt. %  ASTM D5291 
Nitrogen 1.34 wt. %  ASTM D5291 
Oxygen by Difference  46.08 wt. % ASTM D5291 
Lower Heating Value 17.45 MJ kg-1 ASTM E711 
Higher Heating Value 18.97 MJ kg-1 ASTM E711 
 
3.3.2 Feedstock elemental compositions 
The elemental compositions of the plastic feedstocks is presented in Table 3.3-2. PE 
and PP had the highest energy content (measured as HHV) of all five feedstocks due 
to their high carbon and hydrogen content. PET possessed the lowest energy content 
as a result of its high oxygen content; the HHV of pistachio hull biomass was somewhat 
higher. Nylon contained high levels of nitrogen, and had an HHV of 28.6 MJ kg-1. The 
initial energy contents and elemental compositions of the feedstocks will have an 
impact on the yields and compositions of bio-crudes produced by HTL, and high 
feedstock oxygen and nitrogen content can pose a significant challenge – O- and N-




Table 3.3- 2– Elemental composition and HHV of plastics 
Element Analysis (%) C H O N HHV (MJ kg-1) 
Pistachio hull 49.3 6.8 46.1 1.78 17.5 
PE 84.9 12.2 2.9 <0.1 45.6 
PP 85.1 13.3 1.5 <0.1 47.4 
PET 43.7 4.0 52.0 0.41 11.2 
NY 60.8 8.1 19.1 12.0 28.6 
 
3.3.3 Calibration curves for quantification of unreacted plastics in bio-char 
using FTIR 
The FTIR and resulting calibration curves for quantification of unreacted plastics in 
bio-char using FTIR are presented below. The quantity of unreacted plastic in bio-char 
samples was used to calculate, by extension, the percentage of plastic feed 
undergoing conversion to other products (bio-crude, aqueous or gaseous). This 
method makes a number of assumptions; in particular, that the bio-char formed from 
pistachio hull in the presence of plastics does not undergo any changes in 
composition, apart from containing unreacted plastics, and that any plastics in the bio-
char are entirely unchanged. These assumptions mean that the method must be 
treated cautiously as a semi-quantitative approximation. In some cases, conversions 
<0% were observed; these have been approximated as 0% after accounting for error.  
3.3.3.1 Polyethylene in bio-char 
Figure 3.3-1a shows infrared spectra of eight samples of pure pistachio hull bio-char 
blended with unreacted PE at concentrations within the range 0–100 wt.%. The strong 
absorption band at 898 cm-1 was taken as a representative peak for pistachio hull bio-
char. The band at 2917 cm-1 was chosen as a reference for PE. The relative intensities 
of the characteristic bands were used as indicators of PE content in bio-chars. Peak 
intensity ratios (PIR) were calculated for each blend, and used to create a calibration 
curve, shown in Figure 3.3-1b. A high coefficient of determination (R2) was obtained 
for the calibration curve (0.9538). PIRs were then calculated from the FTIR spectra of 
the bio-char resulting from HTL of pistachio hull/polyethylene at 10 wt.% and 20 wt.% 
blends to quantify unreacted PE. 
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The calculated values for unreacted PE in co-liquefaction chars are summarised in 
Table 3.3-2. For the reactions carried out at a fast heating rate, the content of 
unreacted PE in the bio-char was calculated as 26 % and 60 % for 10 wt.% and 20 
wt.% PE blend levels, respectively; 31 % and 63 % unreacted PE were detected in the 





Figure 3.3- 1– (a) FTIR spectra of pistachio hulls bio-char with different polyethylene contents, 














a) 0%PE 17%PE 29%PE 38%PE 44%PE
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FTIR intensity ratio (PE:biomass)
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Table 3.3-3– Calculated percentage concentrations of unreacted polyethylene in bio-
char from co-liquefaction of pistachio hull with PE. 






PE in char 
(%) 
  2917 cm-1 898 cm-1 2917:898 y = 31.419 
+ 7.4862 
0.9538  
Fast heating rate 
10%PE 0.0434 0.0408 1.0640   26 
20%PE 0.0582 0.0270 2.1578   60 
Slow heating rate 
10%PE 0.037521 0.030315 1.237711   31 
20%PE 0.097836 0.042746 2.288778   64 
 
3.3.3.2 Polypropylene in bio-char 
As previously, the absorbance band at 898 cm-1 was used as the indicative band for 
pistachio hull bio-char, whilst the strong peak at 2914 cm-1 was used to represent PP 
(Figure 3.3-2a). However, two calibration curves were created in this case for the 
blend level ranges 0–38 % PP in bio-char, and 38–100 % PP. Coefficients of 
determination of <0.85 were obtained in both cases. Unreacted polypropylene in bio-
char was calculated to make up 37 % and 50 % of the total bio-char for the faster 
heating rate, and 55 % and 56 % for the slower heating rate for co-liquefaction of 10 wt.% 






Figure 3.3- 2–(a) FTIR spectra of pistachio hull bio-char with different polypropylene 
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Table 3.3- 4–Calculated percentage concentrations of unreacted polypropylene in bio-
char from co-liquefaction of pistachio hull with PP. 
 PP  Pistachio 
hull bio-
char 
FTIR Predictive equation R2 Unreacted 
PP in char 
(%) 
 2914 cm-1 898 cm-1 2914:898 0–37 % PP: 
y = 121.75x – 35.169  
 
37–100 % PP: 






Fast heating rate 
10%PP 0.017744 0.029852 0.594401   37 
20%PP 0.019885 0.028489 0.698003   50 
Slow heating rate 
10%PP 0.040715 0.038076 1.06929472   55 
20%PP 0.06919 0.057573 1.20177729   56 
 
  
3.3.3.3 Polyethylene terephthalate in bio-char 
For co-liquefaction of PET/biomass, difficulties in homogenising the calibration 
samples meant that a somewhat lower coefficient of determination was obtained for 
the calibration curve (R2 = 0.81). A number of absorbances were examined, and the 
calibration curve for PET/biomass bio-char was established using the peak in the 
region 898 cm-1 as the reference for pistachio bio-char. The strongest absorption band 






Figure 3.3- 3–(a) FTIR spectra of pistachio hulls bio-char with different polypropylene contents, 
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Table 3.3-5– Calculated percentage concentrations of unreacted polyethylene 
terephthalate in bio-char from co-liquefaction of pistachio hull with PET.  
 








 726 cm-1 898 cm-1 726:898 y = 36.92x – 
32.155 
0.8077  
Fast heating rate 
10%PET 0.020853 0.016007 1.302738   22 
20%PET 0.030037 0.048166 1.603535   32 
Slow heating rate 
10%PET 0.070744 0.053181 1.330259   23 
20%PET 0.08616 0.042746 2.01563   46 
 
3.3.3.4 Nylon in bio-char 
For nylon, the representative absorbance band was selected as 1534 cm-1, whilst 898 
cm-1 was used for pistachio hull bio-char. For all the calibration curves, the coefficient 
of determination (R2) exceeded 0.98. The results showed that the content of unreacted 
nylon in co-liquefaction bio-char was around 11 % and 9 % for fast heating rates, and 
7 % and 11 % for slow heating rate, for 10 wt.% and 20 wt.% nylon/pistachio blends 
respectively. This signifies a substantially higher overall conversion of nylon under 






Figure 3.3- 4–(a) FTIR spectra of pistachio hulls with different nylon contents, and (b) Peak 
ratio calibration curve for nylon in pistachio bio-char. 
Table 3.3-6–Calculated percentage concentrations of unreacted nylon in bio-char from 
co-liquefaction of pistachio hull with NY. 






NY in char 
(%) 
  1534 cm-1 898 cm-1 1534:898 y = 14.249x – 
10.103 
0.9843  
Fast heating rate 
10%NY 0.026013 0.017696 1.469988   11 
20%NY 0.021795 0.015897 1.371049   9 
Slow heating rate 
10%NY 0.045761 0.038718 1.181887   7 













NY 0%PET 16.67%PET 28.53%PET
35.57%PET 44.44%PET 55.56%PET
71.43%PET 83.33%PET pure NY






















3.3.4 GC/MS analysis of bio-crudes 
The identities of notable compounds in bio-crudes from co-liquefaction of biomass with 
plastics, identified using GC/MS, are presented in Table 3.3-7 below. Compounds 
were not quantified; shaded cells indicate the absence of a compound. 
 
Table 3.3-7–Identities of notable compounds in bio-crude products from co-



















  320745   370738 
Butanoic acid, 4-hydroxy- 
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3.3.5 FTIR of bio-chars obtained at from slow HTL (60 min)  
 
  
Figure 3.3-5 FTIR of pure plastics and bio-char from slow (60 min) HTL of pistachio 


















































3.3.6 Biomass proximate analysis 
 




















Analyses Pistachio hull 
Proximate (wt.%)  
 Total ash 9.4 
 Water Extractable Others  15.6 
Biomass composition (wt.%)   
 Lignin  26.6 
 Glucan  13.6 
 Xylan  5.0 
 Galactan  2.8 
 Arabinan  4.8 
 Fructan  0.0 
 Acetyl  1.4 
Elemental (wt.%)  
 C 41.22 
 H 6.98 
 N 1.34 
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In the previous chapter HTL was shown to be successful in the co-liquefaction of 
plastics and pistachio hulls into a bio-crude, aqueous phase and solid residue product. 
Co-processing of pistachio hulls and plastic have potential to improve the properties 
of the bio-crude products compared to individual feedstocks. However, it was also 
shown that the polyolefin was not activated under the HTL conditions with only a 
limited degree of decomposition observed.  
While co-processing of plastic with waste agriculture residues can help process waste 
plastic unsuitable for recycling, even out seasonal supply in a biorefinery and enhance 
future energy security, the major plastic waste stream are polyolefins. Therefore, it is 
important that these more recalcitrant polymers can also be converted in a bio-refinery. 
Catalytic HTL is a potential technique to enhance plastic conversion and improve the 
yield and quality of biofuels. Homogeneous alkali catalysts, such as Na2CO3, offer 
several advantages that make them particularly suitable for lignin oxidation, improve 
biomass conversion and produce a crude with less oxygen and a higher hydrogen 
content. Metal catalysts have also gained attention as alternative catalyst support 
materials due to their high surface area and high chemical stability. Alternatively, 
zeolite catalysts have been recognized as the highest efficiency catalyst in cracking 
and have a significant shape-selective effect on the production of aromatics.  
Additionally, synergistic effects on the use of formic acid as catalyst have been 
reported. The formic acid acts as an acid catalyst, promoting hydrolysis of the 
biopolymers at lower temperatures, leading to an increase of the interaction of soluble 
products. The formic acid is a source of H2 as the acid can degrade over 
heterogeneous catalysts to produce hydrogen.  
The aim of this chapter therefore was to assess these typical HTL catalysts, generally 
used to increase bio-crude yields in either HTL or pyrolysis reactions, and whether 
they could be further utilised to aid the breakdown of polypropylene in the co-
liquefaction of biomass and polypropylene. The effect of adding a range of organic and 
inorganic catalysts was to evaluate the conversion from co-processing of pistachio 
hulls with polypropylene. The mechanism was also explored with the addition of the 




This work was published in ACS Omega 2020. Sukanya Hongthong, Hannah Leese, 
Christopher J. Chuck*. Valorising plastic contaminated waste streams through the 
catalytic hydrothermal processing of polypropylene with lignocellulose, ACS Omega 
2020  
This chapter is submitted in an alternative format in line with Appendix 6A of the 
“Specifications for Higher Degree Theses and Portfolios” as required by the University 
of Bath 
The work completed in this paper was conducted by the author with the exception of 
the following:  
Elemental analysis was carried out by analytical department personnel at London 
Metropolitan University.  
4.2 ACS Omega Paper 
Valorising Plastic-Contaminated Waste Streams through the 
Catalytic Hydrothermal Processing of Polypropylene with 
Lignocellulose 
4.2.1 Abstract 
Food waste is a promising resource for the production of fuels and chemicals. 
However, increasing plastic contamination affects the efficiency of conversion for the 
more established biological routes such as anaerobic digestion or fermentation. Here, 
we assessed a novel route through the hydrothermal liquefaction (HTL) of a model 
waste (pistachio hulls) and polypropylene (PP). Pure pistachio hulls gave a bio-crude 
yield of 34% (w/w), though this reduced to 16% (w/w) on the addition of 50% PP in the 
mixture. The crude composition was a complex blend of phenolics, alkanes, carboxylic 
acids and other oxygenates, which did not change substantially on the addition of PP. 
Pure PP does not breakdown at all under HTL conditions (350 °C, 15% solids loading), 
and even with biomass there is only a small synergistic effect resulting in a conversion 
of 19% PP. This conversion was enhanced through using typical HTL catalysts 
including Fe, FeSO4, MgSO4, ZnSO4, ZSM-5, aluminosilicate, Y-zeolite, and Na2CO3; 
the conversion of PP reached a maximum of 38% with the aluminosilicate for example. 
However, the PP almost exclusively broke down into a solid phase product, with no 
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enhancement of the bio-crude fraction. The mechanism was explored, and with the 
addition of the radical scavenger butylated hydroxytoluene (BHT) the conversion of 
plastic reduced substantially, demonstrating that radical formation is necessary. As a 
result, the plastic conversion was enhanced to over 50% through the addition of the 
co-solvent and hydrogen donor; formic acid, and the radical donor, hydrogen peroxide. 
The addition of formic acid also changed the crude composition, including more 
carboxylic acids and oxygenated species than the conversion of the biomass alone, 
however, the majority of the carbon distributed to the volatile organic gas fraction 
producing an array of short chain volatile hydrocarbons, which potentially could be 
repolymerised as a polyolefin or combined with the bio-crude for further processing. 
Catalytic HTL was therefore shown to be a promising method for the valorisation of 
polyolefins with biomass under typical HTL conditions.   
4.2.2 Introduction 
Declining fossil fuel reserves and an increasing awareness of their environmental 
impact has led to an increased interest in developing alternative resources for energy 
production. Organic solid waste, such as municipal and agricultural food wastes have 
huge potential as a renewable energy feedstock, and are now starting to be collected 
and converted into energy such as methane through anaerobic digestion. However, 
increasing levels of plastic in these waste streams interfere with the biological 
processing 1. These plastics are typically polyolefins derived from plastic films, and as 
such have a relatively high energy content, therefore the valorisation of both streams 
simultaneously is a promising alternative for waste management. 
Using pyrolysis, typically at 500 °C, to co-process lignocellulosic and plastics has 
gained much attention in the last few decades 2. Under these conditions, polyolefins 
break down into a range of volatile components which make it an effective co-material 
for improving the quality of biomass during co-processing 3. Polyolefin polymers such 
as polyethylene and polypropylene are composed of approximately 14 wt.% hydrogen 
which make them a good source of liquid hydrocarbons in the process 4, and therefore 
when decomposed with biomass through rapid heat processing, the quantity and 
quality of bio-oil produced can be improved. There have been several studies on co-
pyrolysis of plastic and biomass which showed the beneficial synergistic effects in 
terms of increased liquid oil conversion.5  
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While pyrolysis offers an effective route to convert the plastic, the waste stream must 
be dried prior to conversion often reducing the energy balance substantially 6. This is 
particularly true of wet feedstock’s such as food wastes. A more effective route for 
processing wet food wastes is through hydrothermal liquefaction, where the slurry is 
processed at between 270-350 °C, keeping the water in the liquid phase under 
pressure, resulting in a bio-crude, aqueous phase and solid residue. The high pressure 
maintains the solvent in the liquid state and the combination of high pressure and 
temperature leads to a reduction of the dielectric constant and density, which allows 
solubility of more non-polar hydrocarbons 7. Additionally, the key to HTL is the 
reduction in oxygen content, which is removed as carbon dioxide and water 8, leading 
to lower oxygen content and higher energy liquid crude oil. This makes it more 
comparable to the heating value for conventional petroleum fuels9-10 and reduces the 
operative costs of handling equipment and storage 11.  
While polyolefin/biomass co-liquefaction has been demonstrated under supercritical 
conditions with temperatures up to 440 °C, above the decomposition temperature of 
these polymers, this is far beyond the HTL region.12 There have been far fewer studies 
into the co-liquefaction of plastic waste blended with biomass in the HTL range, though 
this could make the reaction conditions milder, allow an improved energy balance 
through not drying the feedstock and improve the decomposition of plastic at lower 
temperatures 13-15.  
The majority of these studies to date have demonstrated the co-liquefaction of plastics 
with marine algae. The investigation into the co-liquefaction of microalgae and 
macroalgae with plastic blends for example, suggested the presence of plastics can 
alter the composition of the bio-crude fraction and presented some evidence of the 
minor deposition of the polyolefins in the crude fraction 16-18. Recently Hongthong et al 
demonstrated that a range of plastics could be co-processed with pistachio hulls 
through hydrothermal liquefaction, with nylon and PET breaking down substantially. 
However, the polyolefins only demonstrated a minor synergistic effect with less than 
7% of the polypropylene and polyethylene being converted under HTL conditions 
when 20% polymer was added 19. A similar result was seen for the co-liquefaction with 
macroalgae 17. 
In the hydrothermal liquefaction process, the presence of catalysts can restrain the 
side reactions, reduce the operational conditions, increase the chemical reactivity, 
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reduce the formation of solid residues, and enhance the yield and quality of bio-crude 
20. Homogeneous alkali catalysts have been used widely to this end in several 
investigations. For example, it was reported that alkali catalysts can improve biomass 
conversion giving a crude with less oxygen and a higher hydrogen content 21-22. 
Na2CO3 is the most frequently used as a homogeneous catalyst in this regard 23. 
Microporous and mesoporous catalysts for the conversion of plastic waste into liquid 
oil and char have also been reported in several studies recently. Metal catalysts have 
also gained attention as alternative catalyst support materials due to their high surface 
area and high chemical stability. Though it should be noted that the HTL conditions of 
high temperature in an aqueous environment severely limit the use of more unstable 
organometallic species. For example, a number of groups have demonstrated that the 
addition of iron (Fe) enhanced the hydrocarbon content and overall yield and quality 
of the bio-crude 24-25.  
The most widely used cracking catalysts are acidic materials such as aluminosilicates 
and zeolites. Zeolite catalysts are one of the most effective catalysts because they can 
remove a significant number of oxygenated compounds and have a significant shape-
selective effect on the production of aromatics 26-27. At high temperatures, above 450 
°C, during hydrocarbon cracking, the primary vapors diffuse into internal pores of the 
catalysts which are absorbed on the acid sites and converted to hydrocarbons 28. 
Indeed in the HTL reaction, a zeolite catalyst was demonstrated to increase bio-crude 
yields in the liquefaction of Nannochloropsis.29.  
Formic acid is also a widely used catalyst in liquefaction. Formic acid is one of the 
main products from biomass decomposition and is attractive as both an organic 
catalyst and as a sustainable source of hydrogen as it can break down into H2 and 
CO2.30 When used under HTL conditions, the formic acid is thought to act as an acid 
catalyst, promoting hydrolysis of the biopolymers at lower temperatures, increasing 
the interaction of soluble products and is a source of H2 as the acid can degrade over 
heterogeneous catalysts to produce hydrogen. Interestingly, formic acid has been 
demonstrated to give higher bio-oils yields, in the liquefaction of lignin, than with 
hydrogen. The authors reasoned that the hydrogen was being released in the liquid 
phase, as such formic acid was able to deliver hydrogen far more effectively than 
hydrogen gas which has very low solubility in any of the phases present.31 The 
hydrogen production prevents undesirable side reactions that lead to coke and 
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therefore leads to lower solid residue, and elevated gas production (including volatile 
organics).32    
No studies have demonstrated the effective catalytic conversion of PP under HTL 
conditions, though for the conversion of polypropylene under higher temperatures, a 
number of studies have demonstrated the effective use of aluminosilicate to reduce 
the reaction time, lower the optimal temperature of chain scission and support the 
production of a narrow range of shorter chain hydrocarbons typical of the radical and 
catalytic cracking reactions.33 In addition to the catalytic cracking of PP, 
aluminosilicates have also been demonstrated to be suitable for enhancing the 
degradation of biomass and polyolefins under pyrolytic conditions (375 °C).34 In this 
process the cellulose derived from lignocellulosic biomass was thought to go through 
a sequence of dehydration, decarbonylation, and decarboxylation reactions to form 
furan type compounds. These could react with olefins in the presence of zeolite 
through Diel-Alder reactions followed by dehydration reaction to form aromatics.35 In 
addition, olefin and alkanes can act as hydrogen donors for cellulose derived-
oxygenated species in the presence of a zeolite catalyst 36. The presence of hydrogen 
donor solvents also aids in stabilizing the lignin radicals and saturate reactive 
compounds to enhance bio-crude production37.  
However, while all of these studies were conducted under pyrolysis conditions, no 
studies have demonstrated the effective depolymerisation of polypropylene with 
biomass under HTL conditions, below the supercritical point of water.  Therefore, the 
aim of this research was to determine whether a typical thermochemical catalyst, 
generally used to increase bio-crude yields in either HTL or pyrolysis reactions, could 
be further utilised to aid the breakdown of polypropylene in the co-liquefaction of 
biomass and PP and aid the production of further valuable products from this stream. 
To this end co-processing of pistachio hull and PP was undertaken with the addition 





4.2.3 Result & Discussion  
4.2.3.1 Effect of catalyst on the HTL product distribution  
While our previous work has demonstrated that HTL is a suitable process for the 
depolymerization of various oxygenated plastics with biomass, polyolefins are not 
activated by the biomass at these low temperatures, they largely do not react and 
rather distribute into the solid residue intact 17, 19. In an attempt to design a system that 
can be used to co-process these materials, a range of commonly reported HTL 
catalysts were used in the co-liquefaction of 50 wt.% PP blends with pistachio hulls. 
This loading was selected as the highest potential level of PP that would be included 
in a biorefinery, and was demonstrated in previous studies as the optimal loading to 
still allow the analysis of the break down products even under low conversions of the 
initial polymer.17-19 During hydrothermal liquefaction, the feedstock decomposed 
quickly to generate; bio-crude, aqueous residue, solid residue and a gas phase. Mass 
balances are shown in Fig. 1 where product yields were calculated on the basis of total 
feedstock input and the mass balance is the sum of the bio-crude, solid, gas and 
aqueous residue combined, 
The bio-crude production for the liquefaction of pistachio hull under these conditions 
was found to be 34 wt%. On the addition of 50% PP this was reduced to 16 wt% 
suggesting that the polymer is not being converted under these conditions.  The 
biocrude yield, with additional catalysts in the co-liquefaction resulted in a similar yield 
of bio-crude to the control without additional catalyst. The yield of the bio-crude product 
remained approximately the same (16.0% vs 16.2%) for aluminosilicate and 16.4% for 
Fe catalyst loading. Similarly, the yields for FeSO4.7H2O, Y-zeolite, and ZSM-5, were 
15.6, 15.1, and 14.9%, respectively. The addition of Na2CO3 was found to deplete the 
bio-crude substantially, with yields decreasing from 16.0% to 6.0%.  
Similarly, the gas phase product obtained from the presence of catalysts was 
comparable to those obtained for 50 wt.% PP blends with pistachio hulls without 
catalyst. The yield of gas phase products increased from 8.9% for non-catalytic to 
12.4%, 10.9%, 10.2%, and 10.0% for FeSO4.7H2O, ZnSO4.7H2O, Fe, and 
MgSO4.H2O, respectively, but a small reduction was observed for the aluminosilicate 
and zeolite type catalysts. This strongly suggests that the PP is not being cracked into 
volatile organics species under these conditions.    
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For the aqueous phase residue yield, a modest increase was found with the addition 
of MgSO4.H2O (23.5%) as well as with Na2CO3 (17.3%), FeSO4.7H2O (16.2%), 
ZnSO4.7H2O (14.5%), and ZSM-5 (14.5%) from 2.9% for the non-catalysed reaction. 
In contrast, the aqueous phase residue yield was not significantly impacted by the 
addition of aluminosilicate, Y-zeolite, and Fe. 
 
Figure 4.2- 1–Mass balance of HTL product from the co-liquefaction of pistachio hull 
with 50% PP blends in the absence of catalyst and with 20 w/w% of different catalysts 
(Fe, FeSO4.7H2O, MgSO4.H2O, ZnSO4.7H2O, ZSM-5, aluminosilicate, Y-zeolite, and 
Na2CO3).  
The co-liquefaction of PP with pistachio hull mainly contributed to an increase in the 
solid residue with both the presence and absence of catalyst. The most significant 
impact was observed for co-liquefaction of 50% PP blends with pistachio hull and 
ZSM-5, with an increase in solid residue yield from 56.7% to 60.2%. The high solid 
recovery was observed following the addition of aluminosilicate, Y-zeolite, and Fe 
(solid residue yield of 59.1%, 58.7%, 58.5 %, respectively), which were similar to those 
obtained for 50% PP blends in pistachio hull without catalyst loading. In contrast, the 
solid residue phase yield decreased with the addition of MgSO4.H2O FeSO4.7H2O, 
ZnSO4.7H2O, from 56.7% to 48.3%, 48.1%, 42.7%, respectively, and substantially 
decreased to 37% for Na2CO3 loading.  
Irrespective of catalyst, the polypropylene did not break down and distribute into the 
crude phase and rather distributed into the solid residue phase. The reason is either 
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153 
 
breaking down into a solid such as elemental carbon. To check the synergistic effect 
of co-liquefaction of biomass and plastic with and without catalyst, pure PP was also 
reacted under these conditions. The synergistic effect of the interaction between 
biomass and plastics can be determined through the equation:  
Synergistic effect = YBC – (XPWPP × YPWPP + (1–XPP) × YPP),  
where YBC is yield of bio-crude obtained in experiment, XPWPP is the mass fraction of 
pistachio hull and PP in the total reaction mixture, XPP is the mass fraction of pure PP, 
YPWPP is the bio-crude yield of pistachio hull with 50% blend PP without catalyst and 
YPP is the bio-crude yield of pure PP.  
Some synergistic effect for the co-liquefaction of biomass with PP was observed for 
all the catalysts except Na2CO3 (Fig. 2a). The positive correlation was observed for the 
total bio-crude yield, with the highest positive correlation of 3.6% for the presence of 
Fe. A lower synergistic effect was observed with aluminosilicate (3.4%). The presence 
of FeSO4.7H2O, ZnSO4.7H2O, ZSM-5 and y-zeolite all had a lower effect on the 
conversion of 2.8%, 1.2%, 2.1% and 2.3%, respectively). The smallest positive 







Figure 4.2-2 a) Synergistic effect of bio-crude obtained from pure PP with 
aluminosilicate and co-liquefaction of PP/biomass with different catalyst b) Extent of 
















































4.2.3.2 Product characterization 
4.2.3.2.1 Bio-crude composition   
The initial mass balance suggests that if the polypropylene is breaking down, then it is 
not distributing substantially into the bio-crude. Further analysis of the bio-crude 
supports this conclusion, with the elemental composition not changing substantially 
relative to bio-crude produced without a catalyst (Fig. 3a).  All the bio-crudes were 
characterized by high carbon content, similar hydrogen levels, and reasonably low 
alternative elements, this suggests the bio-crude was largely unchanged by the 
addition of the catalysts in this system, and that the catalysts all distributed largely into 





Figure 4.2-3–a) Elemental composition (determined by elemental analysis), b) heating 
































































To examine the effect of the additional catalyst on bio-crude composition, the bio-
crudes produced from the co-liquefaction of pure pistachio hull, biomass/PP blends, 
and 20 wt.% aluminosilicate in biomass/PP blends were characterized by GC-MS. The 
major compounds (quality >80%) of the bio-crude oils are summarized in the 
Supporting Information (Table 3.3-5). From the GC-MS analyses, more than 50 
compounds were observed in each bio-crude sample. The chemical composition of 
the bio-crude product fraction is connected mainly with the origin of the biomass. Some 
alkanes were observed in high amounts in the presence of PP blends and seem to be 
formed by specific interactions with the addition of catalyst. Each bio-crude contained 
several phenolic compounds, these presumably originate from lignin, which is one of 
the major components of the pistachio hulls. Additionally, the major chemical 
compositions were detected in the level of carboxylic acid compounds such as 3-
cyclohexene-1-carboxylic acid, and alkane compounds such as decane 4-ethyl, 
decane 2,4-dimethyl. Similar changes were found in previous work by the co-pyrolysis 
of biomass with PP 38, which suggests that there is some, albeit very limited, 
breakdown of the PP into hydrocarbons. 
For the presence of PP, a small increase in ketone and ester formation was also 
observed. Additionally, increased levels of ethanone, benzo-furan, carboxylic acids, 
ester, and methyl ester were present. These compounds were not found from the bio-
crude derived from pure pistachio hull, suggesting that the co-liquefaction with PP 
blends can affect the chemical composition of bio-crude oil. In a previous study Coma 
et al demonstrated that ketones and esters were formed in the breakdown of 
polyethylene with microalgae, 18 suggesting that these are formed by the limited 
breakdown of PP catalytically.   
For the presence of catalyst (aluminosilicate), an increase in carboxylic acids and fatty 
acids was observed. These results indicate the interaction and synergistic effect of 
aluminosilicate catalytic HTL during co-processing of biomass with PP blends.  
However, 2,4-dimethylhept-1-ene, a typical breakdown species for polypropylene 
formed during pyrolysis 39-40, was not observed, suggesting that the mutual influence 
of co-liquefaction of biomass and PP during the thermal decomposition was not 
completed. These findings were also confirmed in the study of functional groups in 
solid residue through FT-IR with the presence of unreacted PP.  
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The bio-crude 1H NMR spectrum are given in the supporting information (Fig. S3). 
While exceptionally complex, specific regions, relating to functional groups, were 
integrated and divided into five ppm ranges (Fig. 4). The 1H NMR results showed that 
the resulting bio-crude was of a similar bulk composition when obtained from co-
liquefaction in both the presence of catalyst and without catalyst. 1H NMR showed a 
high percentage of alkane functional groups for bio-crude oil, this suggests that the 
contribution of the alkane compounds was derived from the decomposition of 
triglycerides of pistachio hull during HTL processing. The addition of Y-zeolite 
demonstrated the highest alkanes (48.2%) and alcohol functionality (30%) but the 
lowest percentage of α-to-heteroatom functionality (22%), this suggests that there is 
low nitrogen content in these samples. The presence of aluminosilicate had the highest 
percentage of α-to-heteroatom functionality (23.6%), which was approximately the 
same as with ZSM-5 (23.2%). All bio-crudes presented a low percentage of the 
aromatic and the methoxy functionality (0.0-0.2%), which are consistent with 
carbohydrates converting into bio-crude, and the catalyst not cracking polypropylene 
and reforming is as aromatic species.  
 
Figure 4.2- 4– 1H NMR spectroscopy results of the percentage of integrated peak area 
regions for each range of ppm with respect to the total integral. 
4.5.2.2.2 Aqueous residue characterisation  
The co-liquefaction with additional catalysts, reduced the carbon and nitrogen content 
in the resulting aqueous phase (Table 4.2-1). The total organic carbon and total 















nitrogen in the aqueous product phase is distributed very similarly, with the range of 
5.2-9.7 gL-1 for carbon concentration and 0.3-0.7 gL-1 for nitrogen. This suggests that 
the breakdown of PP is not producing water-soluble species that are distributing into 
the aqueous phase. 
The only significant difference is the aqueous phase produced by the co-liquefaction 
with Na2CO3, which shows a substantially increased carbon content, and slightly 
increased nitrogen content in the aqueous phase at 30.0 gL-1 and 1.0 gL-1, 
respectively. This is presumably due to the formation of carbonic acid and sodium 
hydroxide with the decomposition of Na2CO3 in water.  
 
Table 4.2- 1–Elemental composition of aqueous phase produced from co-liquefaction 
of polypropylene  
Sample TOC (g L-1) TN (g L-1) 
50%PP and Biomass 9.7 0.7 
20%Aluminosilicate 7.0 0.5 
20%ZSM5 6.3 0.3 
20%Yzeolite 6.2 0.5 
20%Na2CO3 30.4 1.0 
20%Fe 6.5 0.6 
20%FeSO4.7H2O 5.2 0.5 
20%ZnSO4.7H2O 6.7 0.6 





4.5.2.3 Solid-residue composition 
The FT-IR spectra of the solid residue demonstrates that a large proportion of the PP 
is breaking down, however, hardly any typical breakdown products are observed in 
the bio-crude or the aqueous phase, the gas phase also remains constant. It is 
therefore likely that the breakdown products are distributing into the solid residue itself.  
All FT-IR spectra of solid residue produced are present in Supporting Information (Fig. 
S1a-S1h). Generally, the spectra all show a similar intensity of peaks corresponding 
to stable compounds formed during the HTL process. Those produced show an 
intensive absorbance at ⁓2800-3000 cm-1 and ⁓1300-1500 cm-1 suggestive of an 
aliphatic functional group and aromatic group, respectively. However, the intensity of 
these peaks decreased slightly in the solid residue produced from the addition of Fe, 
ZSM-5, aluminosilicate, and Y-zeolite. These results suggest that there is a synergistic 
interaction between those catalysts thus improving decomposition. However, the 
addition of those catalysts did not significantly breakdown polymer blends/biomass 
into bio-crude, they were mostly broken down into the solid residue with the most likely 
compounds being aromatic species and elemental carbon.   
Overall, the elemental composition changed during thermal HTL processing. All solid 
residue products had a higher C content and lower O/H ratio than the raw material 
used (Fig. 5a), which suggests that dehydration and polymerization occurred during 
the HTL process. Compared to the co-liquefaction of biomass with PP without a 
catalyst, the C content slightly decreased from 84.7% to 83.8%, 78.9%, 78.8%, and 
78.6% for Na2CO3, FeSO4.7H2O, ZnSO4.7H2O, and MgSO4.H2O, respectively. In 
contrast, the C content decreased substantially from 84.7% to 66.6%, 63.1%, 62.0% 
and 54.3% for aluminosilicate, Fe, ZSM-5, and Y-zeolite, respectively. This result can 
be confirmed by the appearance of the peaks at ⁓2920 and 2850 cm−1, and ⁓1400 
cm−1 during liquefaction as proposed in the FT-IR spectra. These intensive peaks 
enhanced the C content of the solid residue, which strongly suggests the presence of 
unreacted polymer. The N content was not significantly impacted by any of the 
additional catalyst loadings, with a similar N content of 0.1-0.5% for each experiment. 
The addition of Y-zeolite caused the H content to decrease substantially from 14.3% 
to 8.5%, while the addition of aluminosilicate, ZSM-5, and Fe caused the H content to 
decrease from 14.3 % to 11%, 10.5%, and 10% respectively. The O content again was 
161 
 
not strongly affected, with a slight increase of 2.2-4.0% with the exception of Na2CO3 
(a decrease from 2.2% to 1.2%).   
The HHVs of solid residue produced were calculated as shown in Fig. 5b. As low 
oxygen was obtained, the solid residue produced from co-liquefaction of 50% PP 
blends/biomass without catalyst showed the highest HHVs observed at 48.7 MJ kg-1. 
Reduced HHVs were observed at 48.1 MJ kg-1, 43.7 MJ kg-1, 43.5 MJ kg-1, 43.2 MJ kg-
1 for Na2CO3, FeSO4.7H2O, MgSO4.H2O, and ZnSO4.7H2O, respectively. A substantial 
reduction in the HHV was observed for the other solid residues produced with Fe (34.4 
MJ kg-1), aluminosilicate (37.1 MJ kg-1), ZSM-5 (35.3 MJ kg-1) and Y-zeolite (29.8 MJ 
kg-1). This is highly suggestive that the polypropylene is breaking down somewhat into 
a less energy-dense material with the alternative catalysts as opposed to the non-
catalytic residue, which has an HHV very similar to PP. Because of its high heating 
value, solid residue obtained from the co-liquefaction of pistachio hull and PP in the 
addition of catalyst could potentially be used as a solid fuel.  
Van Krevelen diagrams of solid residues are used to determine the degree of 
aromaticity and maturation during thermochemical degradation. During the HTL 
process, some of the oxygen in the biomass is removed in the form of H2O 
(dehydration) or CO2 (decarboxylation). A reduction of H and O content in the 
substance can be defined by the H/C and O/C ratio. The diagram shows the 
comparison of biomass with peat and lignite, brown coal, coal and anthracite. The H/C 
ratio is related to the degree of carbonization, where the O/C is also a useful measure 
of the surface hydrophilicity due to O relating to polar-group content 41-43. While the 
amount of PP in the samples obviously makes these solids difficult to compare with 
alternative biomass samples in the literature, the comparison across the dataset is 
illuminating. Overall, H and O were exhausted in the bio-residues examined and it 
became carbon-rich during hydrothermal liquefaction. The O/C ratios of solid residue 
produced were substantially increased compared to the raw feedstock (Fig. 6). The 
O/C ratio of solid residue produced was very low, presumably in part due to the 
unreacted PP in the solid, with O/C ratios of 0.01-0.1 observed. The lower O/C ratio 
showed more aromatic and less hydrophilic content of the solid residue produced due 
to a higher degree of carbonization and extinction of polar functional groups during 
hydrothermal processing. For H/C ratio, the co-liquefaction of 50% blends PP/biomass 
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without catalyst and the addition of catalysts provided a similar level of H/C ratio (0.16-
0.17).  
So, while, the solid residue could be combusted akin to a coal product, the presence 
of PP in the sample would still be problematic from a regulatory point of view 44. 
However, potentially a higher value route might be to use the solid remediator as a soil 
remediation fertiliser. The high carbon content of solid residue can provide beneficial 
properties for maximizing the amount of carbon storage 45, and in effect takes fossil 
carbon from the PP and converts it into a bio-available, long-term carbon storage 





Figure 4.2- 5 a) Elemental composition of the solid residue of 20 wt.% different catalyst 































































   
Figure 4.2- 6. Van Krevelen diagram with H: C and O: C molar ratio of various catalysts 
and without catalyst for co-liquefaction of polypropylene and pistachio hull 
4.2.5.4 Enhancing the liquefaction of PP and biomass 
Due to the lower HHV of the solid residue, higher conversion rates and low cost, 
aluminosilicate was taken forward as a suitable catalyst for further development. 
Significant research into HTL has been achieved with a very fast heating rate and short 
reaction time 47, however the exact mechanisms of the HTL still remain unclear mainly 
due to the complexity of the feedstock and HTL product 48. While high heating rates 
favour higher crude production, a slower heating rate may possibly affect the 
decomposition of plastic and increase bio-crude yields 49. The experiments were 
therefore conducted using slower heating rates of 7.7 °C min-1 with the total time of 45 
minutes for the co-liquefaction of PP/Biomass with the presence of aluminosilicate. As 
the reaction time increased, the bio-crude oil yield did not increase significantly (Fig. 
7a), solid residue and gaseous products from all long reaction times also produced 
similar results. This finding indicates that a long reaction time was not an essential 












































HTL was also carried out at this lower heating rate and rapid heating rates (33 °C min-
1) over different temperatures (250 °C, 300 °C, and 350 °C), and gave rise to lower 
overall conversions of plastics in all cases with the exception of reaction temperature 
at 350 °C (increase from 17 to 26 % conversion for slow heating rates). This indicates 
that faster heating rates are preferred for balancing both overall bio-crude yield and 
plastic conversion. This demonstrates the synergistic effect of processing the PP with 
biomass and using a catalyst, as there is no appreciable conversion of PP at this 
temperature range when PP is added to water alone.  
 
 
Figure 4.2- 7. a) Effect of faster heating rate on product yield and mass balance on 
different temperature and reaction rate of faster heating rate (SH), and slow heating 
rate (LH) for the aluminosilicate catalysed HTL conversion of PP and pistachio hulls, 
b) the estimated plastic conversion for the same system calculated through FT-IR.   
Despite the catalysts improving the conversion yield substantially compared to the 
non-catalytic route the mechanism of conversion remains unclear. To assess the 
major pathway for the liquefaction, three further organic additives were used in the 
aluminosilicate catalysed reaction of PP and pistachio hull. Firstly, the co-liquefaction 





































SH (Fast heating rate)
LH (Slow heating rate)
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of formic acid. Formic acid has been demonstrated to give higher crude yields in the 
HTL of microalgae 30, and breaks down into H2 and CO2 under high temperatures as 
well as acting as an acid catalyst which increases the interaction of soluble HTL 
products during hydrothermal liquefaction and prevents undesirable side reactions 
which has been shown to lead to lower solid residues and an increase in gas 
production 32. As such, in the liquefaction of lignin, formic acid has been demonstrated 
to increase bio-oil yields, decreasing the amount of carbon that goes into the solid 
residue.31 
Another possible mechanism is the free radical decomposition, to investigate this a 
stable radical donor (hydrogen peroxide, H2O2) was added, and this was compared to 
the radical scavenger antioxidant: butylated hydroxytoluene (BHT). Hydrogen 
peroxide has been applied for enhancement of liquid yield from liquefaction to many 
types of biomass, aiding in the generation of radicals 50-52. During liquefaction, the 
hydrogen peroxide can oxidize unsaturated side chains and crack aromatic rings as 
part of lignin leading to improvement of the polymerization and enhancement of the 
degradation in solvent effectively 51, 53-54. Besides, hydrogen peroxide gives a source 
of radicals that may aid the radical scission of the PP chain.  
The product distribution and PP conversion is given in Fig. 8a. The addition of FA 
showed bio-crude obtained increased from 12% to 20%, whilst slightly increased from 
12% to 14.1% with the presence of hydrogen peroxide, but bio-crudes remained 
unchanged in the presence of BHT. Gas yield were significantly impacted on the 
addition of formic acid, and increased from 7.2% to 33.0%. Gas yields also increased 
in the presence of H2O2, from 7.2% to 12.2%, but remained unchanged in the presence 
of BHT. These findings suggest that formic acid is breaking down into CO2 and 
H2 which has led to the increase in gas fraction, as previously observed 20. However, 
this would give a theoretical increase of gas phase produce yields to approximately 
29.4%, assuming no hydrogen reacts with the products, much lower than observed, 
suggesting an increased breakdown of biomass and PP into the gas phase. This was 
confirmed with a range of over 150 volatile organic compounds observed by gas phase 
GC-MS (see supporting information), this effect was also observed in the liquefaction 
of lignin with formic acid in ethanol 55. 
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The amount of solid residue substantially decreased from 67.8% for the catalysed 
process to 30.3% with the addition of formic acid and to 38.2% in the addition of H2O2.  
The presence of FA and H2O2 in HTL reactions decreased the solid residue formation 
substantially, suggesting that both the addition of hydrogen and the generation of free 
radicals aided the decomposition of the PP chain, through either a cracking or free 
radical scission reaction, that produced elevated levels of VOC in the gas stream. The 
role of the free radical mechanism was further demonstrated by reducing the polymer 
scission on the addition of BHT.  
To optimise the system further formic acid was added to the aluminosilicate catalysed 
reaction at both 250, 300 and 350 °C (Fig. 8c). At a reaction temperature of 250°C, 
the bio-crude yields tended to decrease concomitantly with solid residue formation 
decreasing. A substantial increase in bio-crude yield was observed when the reaction 
was performed at 300°C, with the solid residue product reduced. However, the 
reaction at 350 °C did not result in higher bio-crude yields obtained compared to 300°C 
but a slight increase was found in terms of gas-phase formation.  
On analysis, the condensable gas phase was found to contain over 164 C3-C10 
compounds. Over 60% of these were hydrocarbons, with 33% of the total compounds 
being branched or linear alkanes and alkenes, this contained significant proportions of 
branched C7-C10 fragments, including high levels of 2,4-dimethylhept-1-ene, other 
substituted C9 alkenes and propylene. (full analysis is given in the Table T4.3-6 and 
Fig. 4.3-4 in the Supporting Information). The amount of unsaturated species in the 
volatile phase supports a free radical, or catalytic cracking mechanism.  
The presence of aluminosilicate facilitates the cracking of polypropylene due to the 
high surface area and acidity, with the pore size providing some shape selectivity for 
small species. The addition of the hydrogen donor further enhances the cracking and 
hydrogenation reactions. Therefore, the incorporation of the formic acid seems to aid 
the fluid catalytic cracking reaction leading to a range of low MW alkenes as the final 
product. Since polypropylene degradation takes place initially on the external surface 
of catalyst and disperses into small internal cavities of catalyst, they further degraded 
to the small size of gaseous hydrocarbons, particularly iso-alkanes and alkenes. This 
is supported by the product profile which is consistent with other similar pyrolysis 
studies, where a high content of volatile hydrocarbons were achieved from cracking 
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over the acidic alumiosilicate catalyst.28, 33 These results suggest that PP can be 
thermally depolymerised under these conditions forming a range of alkene fragments 
suitable for further valorisation either to recombine in to an upcycled polyolefin polymer 




























































Figure 4.2- 8. a) Effect of the addition of FA, H2O2, and BHT on the product yield 
distribution on co-liquefaction biomass with 50 wt.% PP blends with 20% 
aluminosilicate loading at 300 °C and 10 min reaction time, b) plastic conversion (%), 
c) Effect of the addition of formic acid (FA) on the product yield distribution with 
different temperature, and d) plastic conversion (%) of the addition of FA 
4.2.4 Conclusions 
Increasing plastic contamination in biomass waste streams is a significant issue which 
interferes with traditional fuel processing routes. Here we report a possible solution 
through the catalytic co-liquefaction of biomass and polypropylene. Previous work 
demonstrated that in water alone below 370 °C there is no appreciable conversion of 
PP, with the addition of biomass, a synergistic effect does occur but leads to very low 
conversions (<10%). In this study, the effect of using an additional catalyst in the 
hydrothermal liquefaction of biomass with polypropylene was investigated for the first 
time. The bio-crude was largely unchanged by the addition of the catalysts in terms of 
elemental composition, however using aluminosilicate species, a large proportion of 
the polymer could be converted into a solid residue suitable for use as a possible solid 
fertiliser or further energy product. The activity could be further enhanced by adding 
either a radical promotor or the organic hydrogen donor formic acid. This reduced the 
amount of fossil carbon going to the solid fraction and rather volatile organic species 
were predominantly produced, with the majority of the components being C3-C10 
branched hydrocarbon fragments. The ability to stop the reaction through the addition 
of BHT demonstrated the importance of a radical mechanism for the depolymerisation. 
This work demonstrates that it is possible to combine polyolefins in a HTL biorefinery, 
though catalysis and additional radical producers are needed to produce a suitable 
range of products. This volatile organic carbon stream could be used to produce further 
























and hydrotreated to add to the total liquid energy product produced from this system. 
Future studies should therefore aim to assess the viability of adding hydrogen and 
radical donors to the HTL system.  
4.2.3 Material and methods 
4.2.3.1 Feedstock sources and characterization 
Pistachio hull was selected as a representative of agriculture waste based on our 
previous work in this area, and the relatively high lipid and protein content of the 
feedstock.19 Pistachio hull biomass (3 mm particle size) was sourced as a waste 
material after pistachio processing from the Wonderful Company, CA, USA. The full 
characterisation is given in the supporting information. Polypropylene (PP) was 
selected as the fossil based plastic, with an average molecular weight number 
MW=12,000 g mol-1, was sourced from Sigma-Aldrich and ground to a particle size of 
<350 μm. Iron (Fe), FeSO4.7H2O, MgSO4.H2O, ZnSO4.7H2O, aluminosilicate, Y-
zeolite, Na2CO3, hydrogen peroxide, and butylated hydroxytoluene were all purchased 
from Sigma Aldrich and used without further purification. ZSM-5 (Zeolyst CBV 3024E) 
was purchased from Zeolyst International and used without further treatment or 
purification. Formic acid was purchased from Fisher chemicals and used without 
further purification. Further material analysis is given in the supporting information 
(Table 4.3-1). 
 
4.2.3.2 Co-processing hydrothermal liquefaction 
Co-hydrothermal liquefaction of multiple solid wastes was carried out using a 
stainless-steel batch reactor of 50 ml. According to a previous relevant study 17, the 
reactor was equipped with a pressure gauge and pressure relief valve, and a needle 
valve to release gaseous products. The temperature was monitored using a 
thermocouple inside the reactor, placed half way down the length and was connected 
to data logging software and used to control the temperature of the reaction. The 
experiments contained either 1.5g of PP and 1.5g of pistachio hull for the control 
experiments, or 1.2g of PP, 1.2g of pistachio hull and 0.6g of catalyst (either Fe, 
FeSO4.7HO2, MgSO4.7HO2, ZnSO4.7H2O, ZSM5, aluminosilicate, Y-zeolite, or 
Na2CO3). This gave a total catalyst loading of 20 w/w% of the overall mixture in the 
reactor. For the further additive experiments, 0.65 g of formic acid (FA), 0.5 g of 
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Hydrogen peroxide (H2O2), or 0.02 g of Butylated hydroxytoluene (BHT) was mixed 
with 15 g of distilled water to form a slurry feedstock, this was then added to the 3g of 
total solids. A total of 18 g of slurry feedstock was therefore loaded into the reactor for 
each reaction and the reactor was sealed and loaded into a preheated furnace to 800 
°C (rapid heating rate) or 600 °C (lower heating rate).  
As reaction time is also considered to play an important role in the product fraction and 
HTL pathway, the reactor was held in the furnace until the temperature reached 350 
°C for either 10 min (furnace temperature of 800 °C, heating rate of 33 °C min-1) and 
45 min (furnace temperature of 600 °C, heating rate of 7.7 °C min-1). Upon reaching 
the desired temperature, the reactor was removed from the furnace rapidly and 
allowed to cool to room temperature. Each experiment was repeated at least three 
times to determine the average values and the standard deviation. Both the reactor 
set-up and examples of the temperature profile for the reactions are given in the 
supporting information. The pressure is generated predominantly by the water being 
heated, and reached approximately 165 bar under the conditions tested at 350 °C, 100 
bar at 300 °C and below 45 bar at 250 °C.  
4.2.3.3 Separation of liquefied product  
After cooling, gaseous products were released via the needle valve into an inverted, 
water-filled measuring cylinder to determine the total gas volume. Gas-phase yield 
was determined according to literature precedent, by using the ideal gas law and 
assuming that the gas was completely CO2 25.  The liquid-solid mixtures were filtered 
through a filter paper to separate the aqueous phase from the water-insoluble fraction 
(consisting of the bio-crude and solid residue). The solid-liquid mixture remaining on 
the filter paper was washed repeatedly with chloroform until the solvent was clear. The 
chloroform was removed using a rotary evaporator at 40 °C for 1.5 hours to isolate the 
bio-crude. The solids were oven-dried overnight at 60°C to determine the solid phase 
product yield as “solid residue”. An aliquot of the aqueous phase products was dried 
overnight at 60°C to determine the yield of non-volatile organics and inorganics in the 






4.2.3.4 HTL product characterization 
FT-IR and 1H NMR 
Functional group information in the solid-phase and bio-crude products was derived 
through FT-IR and NMR spectroscopic data. FT-IR spectra were recorded using a 
Thermo Scientific Nicolet iS5 FTIR spectrometer in the wavenumber range from 4000 
to 600 cm-1. FTIR was also used to assess the level of unreacted plastic remaining in 
the solid phase products as a proxy for the extent of plastic conversion (the same 
method reported in our previous works 19). 
1H NMR spectra were collected using a Bruker Avance III NMR spectrometer 
operating at 500.13 MHz, using Topspin 3.5. Samples were prepared by dissolving 
bio-crude oil in deuterated chloroform. Samples were then filtered to remove any 
suspended particulates before loading into NMR tubes. Spectra were obtained using 
the zg30 pulse sequence, with td = 65536 and ns = 16 and a relaxation delay of 1 s. 
Element composition and energy recovery 
Elemental analysis of the biomass feedstock and products was conducted at London 
Metropolitan University. Samples were processed for carbon, hydrogen, and nitrogen 
on a Carlo Erba Flash 2000 Elemental Analyser. Oxygen analysis of solid residue was 
analyzed at Elemental Microanalysis in Devon UK. The higher heating values (HHV; 
MJ kg-1) of the biomass, solid residue, and bio-crude were calculated using the Dulong 
formula 29, 56-57 based on the elemental composition; HHV = 0.3383C + 1.422 × (H-
O/8). The energy recovery in each product phase was calculated as the bio-crude 
divided by that combined feedstock; Energy recovery = HHV product (%) × Mass of 
product (%)/ HHV of feedstock (%). 
Bio-crude composition by gas chromatography–mass spectroscopy (GC-MS) 
The chemical composition of the volatile fraction of the bio-crude was identified by 
comparing the mass spectra with those in the NIST mass spectral database using an 
Agilent Technologies 8890 GC system fitted with a 30 m × 250 µm × 0.25 µm HP5-
MS column, coupled to a 5977B inert MSD.  Samples were dissolved in THF, and 
helium (1.2 mL min-1) was used as the carrier gas. The initial oven temperature was 
set to 50 °C, increasing to 250 °C at 10 °C min-1.  
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Gas analysis by gas chromatography–mass spectroscopy (GC-MS) 
Approximately 50 ml of each gas sample was collected to Texax tube (TA 200 mg 
35/60 Mesh Inert coated conditioned stainless-steel TD tube) and analyzed using a 
TD100-XR GC system coupled to an 8890 gas chromatograph (Agilent) with 5977B 
MSD (Agilent). The column was Agilent HP-5MS (30 m, 0.25mm, 0.25µm). Pre-trap 
fire purging was performed for 1 min, after which the trap was fired at 300 °C for 3 min. 
Split flow during trap desorption was 50 ml min−1 resulting in a split ratio of 42:1. Helium 
was applied as carrier gas at 1.2 mL min−1. The column program was started at 40 °C 
which was held for 7 min, and increased at a rate of 10 °C min−1 to 150°C and then 40 
°C min−1 to 325°C which was held for 7 min, giving a total run time of 27.3 min.  
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4.3 Supporting information 
4.3.1. Properties of pistachio hull feedstock 
Table 4.3- 1 – Properties of pistachio hull feedstock 
Analyses Pistachio hull 
Proximate (wt.%)  
 Total ash 9.4 
 Water Extractable Others 15.6 
Biomass composition (wt.%)  
 Lignin 26.6 
 Glucan 13.6 
 Xylan 5.0 
 Galactan 2.8 
 Arabinan 4.8 
 Fructan 0.0 
 Acetyl 1.4 
Elemental (wt.%)  
 C 49.3 
 H 6.8 
 O 46.1 
Energy (MJ kg-1)  
 LHV 17.45 
 HHV 18.97 
 
4.3.2 Feedstock elemental compositions 
Table 4.3- 2 – Elemental composition and HHV of pistachio hull and polypropylene 
Element Analysis (%) C H Other N HHV (MJ kg-1) 
Pistachio hull 49.3 6.8 46.1 1.78 17.5 
PP 85.1 13.3 1.5 <0.1 47.4 
 
4.3.3 Identification of major functional group in solid residue 
The FT-IR spectra of solid residue from HTL of co-liquefaction pistachio hull and PP 
without catalyst displayed strong absorbance bands at 2927, 2857, 1445, and 1370 
cm-1, attributable mainly to CH2 in biopolymer. This observation was like spectra 
obtained from pure PP. The band at 1621 cm-1 can be assigned to the C=C and C=O 
of the aromatic ring, while 890 cm-1 can be assigned to aromatic rings in lignin and 
thus verified to the presence of lignin derived from pistachio hull in bio-char.  
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Considering the product of the additional Fe (Fig. S1a), the large molecule solid 
residue was observed at around 845, 978, 1365, 1420 cm-1, similar to those obtained 
for solid residue from HTL of pure pistachio hull, which mainly contribute to aromatic 
rings and CH2 in biopolymer. However, sharp peaks at 2800-3000 cm-1 and 676 cm-1 
are also present, which are not observed for pure pistachio hull solid residue, 
attributable to aliphatic C–H vibrations and halogen compound. These peaks were 
similar wavenumbers to the spectra of pure PP and pure Fe, respectively. These 
findings suggest the presence of unreacted polyethylene and Fe in the HTL char.  
For the solid residue produced from the additional FeSO4.7H2O, MgSO4.H2O, and 
ZnSO4.H2O, several peaks showed a slightly decrease intensity of the absorption 
compared to the additional Fe, indicating that a decrease of nonpolar content (Fig. 
S1b-S1d). The deformation stretching vibrations for CH2 deformation, C-H 
deformation, and aromatic rings at 2920 cm-1, 1476-1376 cm-1, and 870 cm-1. The 
appearance of peak at 1032 cm-1 can be assigned to carboxylate groups. However, 
the FT-IR spectra observed (2920 cm-1, 1476-1376 cm-1) from ZnSO4.H2O also showed 
decrease intensive peak compare to FeSO4.7H2O and MgSO4.H2O, possible due to 
the reaction reacted more completely, forming more soluble products than the other 
catalyst mentioned above.   
Besides, the weak FT-IR spectra of solid residue produced from the additional of ZSM-
5, aluminosilicate, and Y-zeolite were observed at 2900-2800 cm-1, 1445 cm-1, and 
1370 cm-1, corresponding to an aliphatic C-H stretch (Fig. S1e-S1g). This observation 
may indicate that the oxygen-containing functional groups like carboxylic and phenolic 
groups experienced some chemical changes during liquefaction due to the cracking 
reactions catalysed by the acid sites on the zeolite surface. However, the main 
vibration at 980 cm-1, 1086 cm-1, and 1066 cm-1 (ZSM-5, aluminosilicate, and Y-zeolite, 
respectively) were designated as Si–O (Ahmad et al., 2019), which was sharp in pure 
silica and zeolite samples during the liquefaction process.  
In contrast, an increase intensive peaks (2900-2800 cm-1, 1445 cm-1, and 1370 cm-1) 
were seen with the additional Na2CO3 (Fig. S1h). However, the intensive peak at 880 
from the raw Na2CO3 was not observed. This suggest that Na2CO3 may completely 
soluble during hydrothermal liquefaction but cannot change the interaction between 






















































































Figure 4.3- 1FTIR of pure PP, pure catalyst and solid phase from hydrothermal of 
pistachio with PP with 20% different catalyst loading 
4.3.4 Calibration curves for quantification of unreacted plastics in solid 
residue using FTIR 
Fig. S2a shows infrared spectra of eight samples of pure pistachio hull solid residue 
blended with unreacted PP at concentrations within the range 0–100 wt.%. The strong 
absorption band at 898 cm-1 was taken as a representative peak for pistachio hull bio-
char. The band at 1376 cm-1, 1455 cm-1, and 2912 cm-1 were chosen as a reference for 
PP. The relative intensities of the characteristic bands were used as indicators of PP 
content in bio-chars. Peak intensity ratios (PIR) were calculated for each blend, and 
used to create a calibration curve, shown in Fig. S2b. However, three calibration 
curves were created. Coefficients of determination of >0.95 were obtained. PIRs were 
then calculated from the FTIR spectra of the solid residue resulting from HTL of 
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Figure 4.3- 2 (a) FTIR spectra of pistachio hull bio-char with different polypropylene 
contents and (b) peak ratio calibration curve for polypropylene in pistachio bio-char. 
 
Table 4.2- 2– Calculated percentage concentrations of unreacted polypropylene in bio-
char from co-liquefaction of pistachio hull with PP. 
































No-catalyst  0.051939 0.014697 3.533814   72 % 
Fe 0.137342 0.102288 1.342698   46 % 
FeSO4.7H2O 0.065164 0.035997 1.810248   51 % 
MgSO4.H2O 0.068378 0.032808 2.084178   55 % 
ZnSO4.7H2O 0.058160 0.038908 1.494818   48 % 
ZSM-5 0.037764 0.050429 0.748860   39 % 
Aluminosilicate 0.050429 0.012520 1.192777   49 % 
Y-zeolite 0.018539 0.013200 1.404411   46 % 
Na2CO3 0.065411 0.021984 2.975296   65 % 
BHT 0.029556 0.015027 1.966786   52 % 
FA 0.020348 0.015636 1.301385   45 % 




y = 135.58x - 200.59
R² = 0.9598
y = 121.75x - 35.169
R² = 0.852
y = 181.67x - 255.72
R² = 0.962
y = 9.3164x + 28.404
R² = 0.9974
y = 8.2531x + 46.303
R² = 0.9639




















FTIR intensity ratio (PP:biomass)
1376:898 (01) 2914:898 (01) 1455:898 (01)
1376:898 (01) 2914:898 (02) 1455:898 (02)
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4.3.5 Quantification of plastic conversion 
𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑔) =
𝑢𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑐ℎ𝑎𝑟 (%) ×  𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (𝑔)
100
 
𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 (𝑔) = 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 − 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 (𝑔) ×  100
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑔)
 


























No-catalyst  1.50 g 1.68 g 72 % 1.21 g 19 
Fe 1.20 g 1.90 g 46 % 0.87 g 28 
FeSO4.7H2O 1.20 g 1.65 g 51 % 0.96 g 29 
MgSO4.H2O 1.20 g 1.64 g 55 % 0.85 g 25 
ZnSO4.7H2O 1.20 g 1.69 g 48 % 0.81 g 32 
ZSM-5 1.20 g 1.93 g 39 % 0.75 g 38 
Aluminosilicate 1.20 g 1.91 g 49 % 0.84 g 30 
Y-zeolite 1.20 g 1.90 g 46 % 0.86 g 28 
Na2CO3 1.20 g 1.42 g 65 % 0.92 g 23 
BTH 1.20 g 1.89 g 52 % 0.99 g 17 
FA 1.20 g 1.27 g 45 % 0.58 g 52 
H2O2 1.20 g 1.45 g 48 % 0.70 g 42 
4.3.6 GC/MS analysis of bio-crudes 
Table 4.2- 4  Bio-crude element composition 







BHT FA H2O2 
Phenol    




- - - 4514422 - 73660 









Phenol, 4-ethyl- 8023788 6308547 3466544 1012049 7845488 2483446 
Phenol, 2-methoxy- 154884 753487 328761 272635 489325  





Phenol, 2-methyl- 154884 174943 85054 146480 - 468521 
Phenol, 2,4-dimethyl- - - - 523171 - - 
Phenol, 2,6-dimethoxy- 2590201 1584263 440226  1163368 942998 
Phenol, 4-ethyl-2-
methoxy- 
936716 885637 288186 390510. 1663841 - 
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BHT FA H2O2 
Phenol, 2-(1-
methylethyl)- 
- - 93180 - - - 
Phenol, 2-methoxy-4-
propyl- 
885637 885637 152960 - - - 
2-Methoxy-5-
methylphenol 
- 193236 113756 81365 - - 
Phenol, 3,4,5-
trimethyl- 
- - - 81991 - 149048 
(Z)-3-(Heptadec-10-
en-1-yl)phenol 
1891365 - - 109288 2391302 1575769 
2,5-Dihydroxy-4-
methoxyacetophenone 
310844 132279 174895 - - - 
2,3-Dimethoxyphenol - - - 1096692 - - 
Ketone    
2-Cyclopenten-1-one, 
2-methyl- 
112444 286663 - 62581 137429 102295 
2-Cyclopenten-1-one, 
2,3-dimethyl- 
523171 232176 201923 844587 - - 
2-Cyclopenten-1-one, 
3-methyl- 
243121 228133 73612 - 110340 127511 
2-Cyclopenten-1-one, 
3-ethyl- 
83037 97522 69811 - - - 
2-Cyclopenten-1-one, 
2,3-dimethyl- 




- 260510 - 796713 - 495498 
2-Cyclopenten-1-one, 
3-ethyl-2-hydroxy- 
- 97522 - 160386 - - 
2-Cyclopenten-1-one, 
2-hydroxy-3-methyl- 
1041900 - - 
 
1891365 842554 - 
Cyclooctane, butyl- - - - - 410032 - 
3-Pyridinol 2592838 5728456 1017152 8404151 8309730 3759956 
2-Pyrrolidinone - - - 382127 - - 
Pyridine, 2,3-dimethyl-      33149 
Pyridine, 2,5-dimethyl- 109289 54028 - 59926  39264 
2,6-Lutidine 81991 35761 -    
Ethanone, 1-(2-methyl-
1-cyclopenten-1-yl)- 
- - 23210    
Ethanone, 1-(1-methyl-
1H-pyrrol-2-yl)- 
63257 107883 - 85452   
Ethanone, 1-(2-
furanyl)- 




130274 - -    
2,5-Hexanedione     199964  
Furan       
Benzofuran, 2,3-
dihydro- 
158440 393695 - 45925 229981  
Carboxylic acids       
3-Cyclohexene-1-
carboxylic acid 
215405 113294 44067 138446 334121 47794 
2-Hexene, 4,4,5-
trimethyl- 
   496089 551437  
Hexane, 2,2,5-
trimethyl- 
   84518 601757  
Octane, 2-methyl- 243738 - -    
Octane, 2,7-dimethyl-    183771   
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BHT FA H2O2 
Octane, 5-ethyl-2-
methyl- 
   274150   
Acetic anhydride 35948 - -    
Benzenemethanol, 
.alpha.-methyl- 
- 75488 -    
Benzene, 1-methyl-3-
(1-methylethyl)- 
    177999 156262 
Benzene, 4-ethenyl-
1,2-dimethyl- 
    101857  
Benzene, 1,3-dimethyl-      58993 
Benzene, 1-ethyl-
2,3,4,5,6-pentafluoro- 
    95201 58702 
Propanoic acid 22157 - -    
Octane, 2,3,3-
trimethyl- 
94354 - -    
Acetyl iodide 113410 73784 -    
3-Ethyl-3-
methylheptane 
94354 - -    
5-Methyl-2-
pyrrolidinone 
    1380126  
Pentanoic acid, 4-
methyl- 




     103289 
Acetic anhydride 35948 - -    




    243733  
Heptane, 2,6-dimethyl-     495376  
Nonane, 5-methyl-5-
propyl- 
   700299   
Ester       
Sulfurous acid, 2-
ethylhexyl hexyl ester 
61611 - -  404131 516174 
Hexanedioic acid, 
dioctyl ester 
    3901932  
Oxalic acid, cyclohexyl 
tetradecyl ester 
421217 - -  590894  
Octyl tetradecyl ether    277683   
Hexadecyl octyl ether - 77178 -    
Alkane       
Decane, 3-ethyl-3-
methyl- 
- 54476 - 54898   
Dodecane, 4,6-
dimethyl- 
107900 - - 765002 1485007 262308 
1-Dodecanol, 2-hexyl-    243975   
Decane, 4-ethyl- - 148674 -   139703 
Decane, 2,4-dimethyl- - - 125089    
Decane, 3,6-dimethyl-    262998   
Benzocyclodecene, 
tetradecahydro- 
- - 205154    
Alcohols       
Catechol - 843509 233032 279563.  87256 
Phenylethyl Alcohol     394537 36629 
Ethanone, 1-(1H-
pyrrol-2-yl)- 
   114614.   
Hexadecyl octyl ether - 77178 -    
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BHT FA H2O2 
1-Hexadecanol    465419  134059 
11-Methyldodecanol 278535 - -  410032  
1-Decanol, 2-hexyl-    36885 200888  
2-Tridecanol 139524 - - 134628 240888  
Syringylacetone 149943 - - - - - 
11-Methyldodecanol - - - 783778 - - 
1-Octanol, 2-butyl- - - - 317487 - - 
2-Furanol, tetrahydro- - - - - 401352  
Amines       
Succinimide - 27102 - - - - 
Isomaltol - 34989 - - - - 
p-Aminotoluene 25529     - 
Acetamide, N    24595   
Fatty acid       
13-Octadecenoic acid, 
methyl ester 
- 87512 - - - - 
Oxalic acid, cyclohexyl 
tetradecyl ester 
421217 - - 553678 590894 301578 
8-Octadecenoic acid, 
methyl ester 
132536 - -    
9-Octadecenoic acid, 
methyl ester 
    290273  
11-Octadecenoic acid, 
methyl ester, (Z)- 
132536 - - 675722 290273 351180 
Pentanoic acid, 4-oxo-    105653   
Propanoic acid, 
anhydride 























 a) 100% Biomass 







c) 20% Al Si loading in 50%PP blend with 
biomass 





Figure 4.3- 3 – (a) 1HNMR spectra of pure pistachio hull bio-char (b) 50%PP blend 
with pistachio hull without catalyst loading (c) 50%PP blend with pistachio hull with 
20% aluminosilicate loading (d) 50%PP blend with pistachio hull with 20% ZSM-5 (d) 
50%PP blend with pistachio hull with 20% Y-zeolite loading. 
4.3.8 Gas analysis 
Table 4.2- 5–Gas composition by GC-MS analysis of co-liquefaction of biomass with 
50% PP blends with aluminosilicate as catalyst and formic acid. 
Component 
RT Compound Name Formula Base Peak Area 
2.882 (2-Aziridinylethyl)amine C4H10N2 10011510.39 
2.950 Propene C3H6 1853600.473 
3.144 1-Propene, 2-methyl- C4H8 1102015.507 
3.187 Sulfur dioxide O2S 327885.9138 
3.523 1H-Tetrazole, 5-vinyl- C3H4N4 479236.1949 
3.523 Furan C4H4O 449055.0971 
3.616 2-Butanone C4H8O 652048.4229 
4.334 3-Methylglutaric anhydride C6H8O3 771740.9536 
4.513 Furan, 3-methyl- C5H6O 1312387.247 
4.705 Trichloromethane CHCl3 853268.2331 





RT Compound Name Formula Base Peak Area 
4.918 1-Butene, 2,3-dimethyl- C6H12 987566.046 
4.923 1-Butene, 3,3-dimethyl- C6H12 983818.508 
5.012 (Z),(Z)-2,4-Hexadiene C6H10 30380832.45 
5.088 3-Hexyne C6H10 31647756.54 
5.179 1-Pentene, 2,4-dimethyl- C7H14 2513051.052 
5.268 1-Hexene, 3-methyl- C7H14 7989087.731 
5.360 Cyclopentene, 1-methyl- C6H10 35983735.45 
5.401 Nonane, 5-methylene- C10H20 5723409.193 
5.565 Methane, isocyanato- C2H3NO 3294282.939 
5.572 3-Penten-2-one, 4-(acetyloxy)-, (Z)- C7H10O3 2459849.355 
5.586 2-Methyl-1-hexanol C7H16O 8837071.493 
5.636 2,4-Hexadiene C6H10 21140834.65 
5.787 Hexane, 3-methyl- C7H16 5343430.939 
5.885 1,5-Hexadiene, 2-methyl- C7H12 23465054.8 
6.125 1-Hexene, 2-methyl- C7H14 27454969.68 
6.407 Cyclobutane, (1-methylethylidene)- C7H12 14009802.32 
6.452 Heptane C7H16 29601132.41 
6.742 Ethanone, 1-(methylenecyclopropyl)- C6H8O 39299406.18 
6.848 4-Methyl-2-hexene,c&t C7H14 5162063.373 
6.848 2-Hexene, 3-methyl-, (Z)- C7H14 5160276.662 
6.949 2,3-dimethylfuran C6H8O 10065601.92 
6.957 3,4-dimethylfuran C6H8O 8204330.632 
6.986 (R)-(+)-3-Methylcyclopentanone C6H10O 6326795.125 
6.988 Diethylcyanamide C5H10N2 6326795.125 
7.065 2,3-dimethylfuran C6H8O 5042165.336 
7.298 Cyclohexene, 4-methyl- C7H12 4487273.659 
7.322 2-Vinylfuran C6H6O 2695418.552 
7.467 3,5-Dimethylcyclopentene C7H12 3871659.19 
7.506 Cyclopentene, 1,2,3-trimethyl- C8H14 8922743.125 
7.506 Cyclopentene, 1,2,3-trimethyl- C8H14 5341864.173 
7.595 Valeric anhydride C10H18O3 196868.079 
7.612 1,3-Pentadiene, 2,3-dimethyl- C7H12 18028140.72 
7.612 Cyclobutane, (1-methylethylidene)- C7H12 17831497.64 
7.855 Cyclopentane, 1,2,4-trimethyl- C8H16 8552828.781 
7.867 Cycloheptanol, trifluoroacetate C9H13F3O2 15031260.39 
7.867 Cyclohexane, methylene- C7H12 14160633.32 
7.905 Methyl Isobutyl Ketone C6H12O 2403192.103 
7.927 1,3-Cyclopentadiene, 5,5-dimethyl- C7H10 15264834.68 
8.002 Bicyclo[4.1.0]hept-2-ene C7H10 13784879.79 
8.002 1,3-Cyclopentadiene, 5,5-dimethyl- C7H10 13784879.79 




RT Compound Name Formula Base Peak Area 
8.177 Bicyclo[4.1.0]hept-2-ene C7H10 7080871.324 
8.185 Cyclopentene, 1,2,3-trimethyl- C8H14 17132131.87 
8.250 Bicyclo[4.1.0]hept-2-ene C7H10 12218803 
8.289 2,4-Dimethyl-1-hexene C8H16 16890275.2 
8.745 Dimethylphosphinic fluoride C2H6FOP 2958193.302 
8.745 Dimethylphosphinic fluoride C2H6FOP 2958193.302 
8.920 Cyclohexene, 1-methyl- C7H12 31435503.72 
8.977 Thiophene, 3-methyl- C5H6S 1382958.506 
9.027 cis-1-Butyl-2-methylcyclopropane C8H16 5422515.199 
9.134 1-Pentanone, 1-(2-furanyl)- C9H12O2 3634837.47 
9.251 Bicyclo[4.1.0]hept-2-ene C7H10 13466030.77 
9.329 1,7-Octadiene C8H14 4450348.391 
9.390 Furan, 2-(2-propenyl)- C7H8O 1260052.334 
9.444 3-Heptanone, 2,4-dimethyl- C9H18O 1528126.872 
9.444 1-Heptene, 2-methyl- C8H16 9234747.097 
9.465 1-Heptene, 2-methyl- C8H16 9234747.097 
9.468 1-Heptene, 2-methyl- C8H16 9234747.097 
9.686 2-Methyl-1,5-heptadiene (c,t) C8H14 5148600.502 
9.790 
Cyclohexan-1-ethanol, 1-
hydroxymethyl- C9H18O2 21880173.17 
9.830 
Hydroxymethyl 2-hydroxy-2-
methylpropionate C6H12O4 652349.1081 
9.880 Octane C8H18 17658300.61 
9.959 Cyclohexene, 1,2-dimethyl- C8H14 35459008.99 
9.961 1,3-Dimethyl-1-cyclohexene C8H14 35399306.89 
10.094 1-Hexene, 2,5,5-trimethyl- C9H18 8497408.61 
10.101 
1H-1,3-Diazepine, 4,5,6,7-tetrahydro-
2-methyl- C6H12N2 4262868.314 
10.168 
Cyclopentane, 1,1,3,4-tetramethyl-, 
cis- C9H18 25480199.02 
10.197 Cyclopentene, 1,2,3-trimethyl- C8H14 26317282.71 
10.247 Propanoic acid, anhydride C6H10O3 18135969.45 
10.277 2,3-Dimethyl-3-heptene, (Z)- C9H18 48218572.11 
10.277 Heptane, 2-methyl-3-methylene- C9H18 48005455.35 
10.313 2-Acetyl-2-methyltetrahydrofuran C7H12O2 14658754.95 




dimethyl- C18H22BrNO 1863103.832 
10.583 Heptane, 2,4-dimethyl- C9H20 27307351.7 
10.634 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 5163046.852 
10.679 Cyclopentene, 1,2,3-trimethyl- C8H14 25428288.87 
10.753 Cyclohexene, 1,4-dimethyl- C8H14 22421264.98 
10.861 Cyclohexane, 1,3,5-trimethyl- C9H18 42641565.32 




RT Compound Name Formula Base Peak Area 
11.325 2,3-Dimethyl-3-heptene, (Z)- C9H18 4261052.431 
11.337 1,3-Cyclohexadiene, 5,6-dimethyl- C8H12 5424548.825 
11.455 1,1-Dimethyl-4-methylenecyclohexane C9H16 20484502.05 
11.704 1,2,4,4-Tetramethylcyclopentene C9H16 12291269.65 
11.704 2,4-Heptadiene, 2,6-dimethyl- C9H16 12283666.6 
11.748 Ethylbenzene C8H10 28579101.45 
11.791 Decane, 5,6-dimethyl- C12H26 5135586.72 
11.791 Undecane, 5,6-dimethyl- C13H28 5135586.72 
11.816 1-(3-Methyl-2H-pyrazol-4-yl)ethanone C6H8N2O 2386254.051 
11.891 N,N-Dimethylacetamide C4H9NO 16852426.76 
11.976 Benzene, 1,3-dimethyl- C8H10 22608312.95 
11.992 
Cyclopropane, 1,1-dimethyl-2-(2-
methyl-1-propenyl)- C9H16 28792126.63 
12.065 4,4-Dimethyl octane C10H22 2068784.224 
12.137 cis-1,2-Cyclohexanedimethanol C8H16O2 5047919.532 
12.162 3,3-Diethoxy-1-propyne C7H12O2 3181488.587 
12.235 Cyclohexene, 3,3,5-trimethyl- C9H16 25084307.61 
12.525 1-Nonene C9H18 22371152.51 
12.730 1,7-Octadiene, 2,3,3-trimethyl- C11H20 20224790.98 
12.815 
Cyclopentene, 1,3-dimethyl-2-(1-
methylethyl)- C10H18 20157272.13 
12.879 1,5-Heptadien-4-one, 3,3,6-trimethyl- C10H16O 10302863.03 
12.994 Cyclohexane, bromo- C6H11Br 3545940.399 
12.994 Oxalic acid, dicyclohexyl ester C14H22O4 3385106.961 
13.028 
1,4-Cyclohexadiene, 3,3,6,6-
tetramethyl- C10H16 2022543.211 
13.100 3,7-Decadiene, 2,9-dimethyl- C12H22 21589429.68 
13.173 
Cyclopentene, 1,4-dimethyl-5-(1-
methylethyl)- C10H18 12999638.97 
13.304 Heptane, 3-ethyl-2-methyl- C10H22 2114885.996 
13.304 Octane, 2,6-dimethyl- C10H22 2114885.996 
13.320 .alpha.-Phellandrene C10H16 5544144.744 
13.373 Benzene, (1-methylethyl)- C9H12 12022905.19 
13.401 Citronellyl tiglate C15H26O2 3577085.244 
13.639 Cyclopentane, 1,2,3,4,5-pentamethyl- C10H20 2444303.61 
13.678 2-Heptanone, 4-methyl- C8H16O 2496494.503 
13.702 
3-Cyclohexene-1-methanol, .alpha.,4-
dimethyl- C9H16O 3538158.451 
13.956 Camphene C10H16 10384209.25 
14.051 Benzene, propyl- C9H12 4270750.575 
14.059 Pentane, 3-ethyl- C7H16 2017557.482 
14.371 Benzene, 1,2,3-trimethyl- C9H12 4521706.137 
14.371 Mesitylene C9H12 4517650.015 
14.560 Phenol C6H6O 16095983.95 




RT Compound Name Formula Base Peak Area 
14.730 
Cyclohexane, 1-methyl-4-(1-
methylethenyl)-, cis- C10H18 1650196.511 
14.730 3,7-Dimethyloct-6-enyl ethyl carbonate C13H24O3 1650196.511 
14.805 Cyclodecane C10H20 2604986.517 
14.811 1-Decene C10H20 2591129.902 
14.884 2-Decene, 4-methyl-, (Z)- C11H22 13248444.77 
14.902 Cyclotetrasiloxane, octamethyl- C8H24O4Si4 1324255.417 
14.937 2-Decene, 4-methyl-, (Z)- C11H22 8646117.187 
14.988 2-Decene, 4-methyl-, (Z)- C11H22 6287318.313 
15.034 Heptane, 3,3,5-trimethyl- C10H22 2168587.383 
15.093 1-Decene, 3,4-dimethyl- C12H24 1680040.736 
15.093 Decane, 4-methyl- C11H24 1686116.34 
15.172 Decane, 4-methyl- C11H24 13941115.16 
15.254 Nonane, 2,6-dimethyl- C11H24 12951001.83 
15.383 
1,3-Cyclohexadiene, 1-methyl-4-(1-
methylethyl)- C10H16 2247872.847 
15.537 o-Cymene C10H14 15897076.32 
15.623 D-Limonene C10H16 1612096.7 
15.795 Indane C9H10 346401.9434 
15.947 
l-Isoleucine, n-propargyloxycarbonyl-, 
heptyl ester C17H29NO4 77325.50411 
16.103 Dodecane C12H26 1644020.587 
16.168 2-Decene, 2,4-dimethyl- C12H24 11035671.24 
16.241 2-Decene, 2,4-dimethyl- C12H24 9046521.155 
16.509 1-Decene, 2,4-dimethyl- C12H24 8313460.017 
16.583 1-Decene, 2,4-dimethyl- C12H24 5544978.579 
16.751 
Benzene, 1-methyl-3-(1-
methylethenyl)- C10H12 320760.416 
17.206 Thymol C10H14O 227611.398 
17.678 
2-[(Trimethylsilyl)oxy]-2-{4-
[(trimethylsilyl)oxy]phenyl}ethanamine C14H27NO2Si2 223241.5474 
17.799 Benzoic acid C7H6O2 352321.2836 
17.824 Benzoic acid C7H6O2 341281.1308 
18.500 Ethanone, 1-(2,3,4-trimethylphenyl)- C11H14O 127243.2691 
19.114 4-t-Butylbenzeneamine C10H15N 189571.2468 
20.975 
2,6-Dihydroxyacetophenone, 2TMS 
derivative C14H24O3Si2 333668.7839 
21.561 Diethyl Phthalate C12H14O4 5201041.688 
22.421 
Benzene, 1,1'-[1,2-






Figure 4.3- 4 GC-MS diagram of gas compound analysis of co-liquefaction of biomass 
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Assessment of the impact of nylon 
contamination on the optimised macroalgal 





















5.1 Context  
The preceding chapters focused on the conversion of plastic waste with waste 
lignocellulose into biofuel production through liquid phase pyrolysis and hydrothermal 
liquefaction. The main aims were to reduce the resulting environmental pollution from 
these sources. However, another key source of plastic contamination is in the marine 
environment. In the oceans, there is an increasing awareness of the impact of 
microplastic and macroplastic debris on marine ecosystems. There is an estimated 
640,000 tonnes of nylon fishing gear floating on the ocean surface, which is thought 
to make up approximately 10% of the total amount of marine debris(Good, June et al. 
2010). It has been reported that these discarded fishing items, including monofilament 
lines and nylon netting used in fishing activity, have contributed to the considerable 
growth in marine plastic contamination that has a global impact on the entanglement 
of marine life(Other and Lozano 2009).  
In the previous chapters there is clear evidence that monomers of nylon 6 could be 
produced under HTL conditions, and that this could significantly add to the value of a 
marine biorefinery by being able to effectively chemically recycle the waste nylon 
alongside producing bio-crude and fertiliser products. 
Thus, the conversion of macroalgal biomass with marine plastic pollutants (nylon 
ranges) was explored in this chapter. The aim was to build on the promising results for 
nylon 6 (Chapter 3), and systematically assess the co-hydrothermal liquefaction of 
macroalgae biomass with a range of nylons commonly found in maritime plastic litter 
including nylon 6, nylon 6/6, nylon 6/12, and nylon 12. The technique was then applied 
to an actual sample of marine macroalgae collected at sea, entangled with nylon 
fishing line.  
This chapter is draft manuscript on the process and submitted in an alternative format 
in line with Appendix 6A of the “Specifications for Higher Degree Theses and 
Portfolios” as required by the University of Bath.  
5.2 Abstract 
Marine macroalgae offers a promising third generation feedstock for the production of 
fuels and chemicals, avoiding competition with conventional agriculture and potentially 
helping to improve eutrophication in sea and oceans. However, an increasing amount 
of plastic is being distributed into the oceans, and as such is contaminating macroalgal 
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beds. One of the major plastic contaminants is nylon 6 derived from discarded fishing 
gear, though an increasing amount of alternative nylon polymers, derived from fabrics, 
are also observed. This study aimed to assess the effect of these nylon contaminants 
on the hydrothermal liquefaction of Fucas serratus. The HTL of macroalgae was 
undertaken at 350 °C for 10 mins, with a range of nylon polymers (nylon 6, nylon6/6, 
nylon 12 and nylon 6/12), in the blend of 5, 20 and 50 wt% nylon to biomass. 17 wt.% 
bio-crude was achieved from F. serratus and co-liquefaction with nylon 6 increased 
this yield. In addition, nylon 6 completely broke down in the system producing the 
monomer caprolactam. The suitability of converting fishing gear was further 
demonstrated by conversion of actual fishing line (nylon 6) with the macroalgae, 
producing an array of products. The alternative nylon polymer blends were less 
reactive, with nylon 6/6 only being broken down 54% under the HTL conditions, 
forming cyclopentanone which distributed into the biocrude phase. Nylon 6/12 and 
nylon 12 were even less reactive, and only traces of the monomer cyclododecanone 
were observed in the bio-crude phase. This study demonstrates that while nylon 6 
derived from fishing gear can be effectively integrated into a macroalgal biorefinery, 
alternative nylon polymers from other sectors are too stable to be converted under 
these conditions and present a real challenge to a macroalgal biorefinery. 
 
5.3. Introduction 
Marine biorefineries, based around the valorisation of salt water macroalgae, have 
been suggested as a promising alternative to terrestrial alternatives (Jung, Lim et al. 
2013, Raikova, Le et al. 2017). Macroalgae are very photosynthetically efficient, do 
not compete with agricultural land, do not contain lignin and offer a largely untapped 
promising bioresource. To this end, a large body of research has been invested in the 
valorisation of macroalgae, including pre-treatments, fermentation and 
thermochemical conversion routes (Schultz-Jensen, Thygesen et al. 2013, Abeln, Fan 
et al. 2019, Raikova, Allen et al. 2019). A considerable number of challenges remain 
however, including having the ability to convert multiple species with highly variable 
composition (Raikova, Olsson et al. 2018, Beacham, Cole et al. 2019), to handle salt 
water as part of the process (Jones, Raikova et al.) and to be able to cope with either 
heavy metal (Piccini, Raikova et al. 2019) or plastic contamination (Galgani, Hanke et 
al. 2015). As such, it seems likely that feedstock agnostic processes, that can handle 
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a wide variability and produce an array of products, will be key to the further 
development of this field. 
One such processing methodology is hydrothermal liquefaction (HTL), a promising 
thermochemical pathway identified as a cost-competitive process for converting high-
moisture biomass. HTL avoids energy losses associated with drying which is needed 
for other thermochemical processes (Anastasakis, Biller et al. 2018). HTL delivers a 
high-energy bio-crude (30–40 MJ kg-1) (Anastasakis, Biller et al. 2018) and produces 
a more stable crude product than pyrolysis (Peterson, Vogel et al. 2008, Bridgwater 
2012, Palomino, Godoy-Silva et al. 2020). HTL generally uses temperatures between 
280-370°C and pressures between 10 and 25 MPa to maintain water in the liquid state 
(Behrendt, Neubauer et al. 2008). Water acts as an important reactant and the addition 
of catalyst leads to several opportunities for separations and further chemical 
reactions(Biller and Ross 2011, Jindal and Jha 2016) The reactions that take place 
during HTL are decomposition and repolymerisation to form bio-crudes with high 
heating values, a solid residue containing the inorganic fraction and a water-soluble 
fraction which can be used as a fertiliser (Raikova, Smith-Baedorf et al. 2016). 
Research on hydrothermal liquefaction of marine macroalgae has gained significant 
traction in recent years (Yang, Feng et al. 2004, Aresta, Dibenedetto et al. 2005, Zhou, 
Zhang et al. 2010, Díaz-Vázquez, Rojas-Pérez et al. 2015, Neveux, Magnusson et al. 
2015).  
Contamination of oceans by microplastic and macroplastic debris has become one of 
the biggest marine environmental issues of recent years, affecting all the world's 
oceans. Plastics have been accumulating in substantial densities in the marine 
environment, from the sea surface down to deep-sea sediments (Van Cauwenberghe, 
Vanreusel et al. 2013, Woodall, Sanchez-Vidal et al. 2014). In a marine biorefinery, 
macroalgae could possibly be washed in clean water to remove microplastics, but 
residual microplastics can be absorbed onto the surface marine macroalgae (Gutow, 
Eckerlebe et al. 2016). Macroplastic on the other hand would need to be manually 
removed. Marine plastics originate mainly from many types of plastic debris, such as 
fishing nets, ropes, and plastic bags. While the majority of focus has been on terrestrial 
PET and polyolefin litter, over 20% of marine plastic debris found in the ocean is 
estimated to come from commercial fishing activity (Li, Tse et al. 2016). For example, 
an estimated 640,000 tonnes of nylon fishing gear enters the oceans every year which 
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amounts to approximately 10% of the total marine debris (Good, June et al. 2010). 
These discarded fishing items, including monofilament lines and nylon netting used in 
fishing activity, have contributed to the considerable growth in marine plastic 
contamination that is having global impact on the entanglement of marine life (Li, Tse 
et al. 2016). Due to the nature of the fibres, nylon fishing lines are one of the main 
contaminants found in macroalgal beds and seaweed farms (Galgani, Hanke et al. 
2015). 
Nylon refers to simple polyamides (Figure 5.3-1). For example, nylon 6 is synthesized 
by the ring opening polymerisation of caprolactam (Zhang, Zhang et al. 2019). While 
the vast majority of maritime fishing lines are produced from Nylon 6 there is increasing 
concern that alternative nylon polymers such as Nylon 6/6, Nylon 12 and Nylon 6/12 
are increasingly distributing into the oceans from synthetic textile fibres that have been 
worn down during washing.    
 
Figure 5.3- 1–Structure of common polyamide polymers used in the fishing industry 
A number of publications have investigated the co-liquefaction of marine biomass with 
plastics. Wu et al. reported the co-liquefaction of microalgae with polypropylene and 
found that the composition of the bio-crude products was improved with reducing acid 
content (Wu, Liang et al. 2017). A similar observation was made by Coma et al. (Coma, 
Martinez-Hernandez et al. 2017), for the co-liquefaction of Spirulina and Ulva sp.  with 
polyolefins distributing partially into the crude phase. In a more in depth study, 
Hongthong et al. demonstrated that a range of plastics could be co-processed with 
pistachio hulls through hydrothermal liquefaction, including nylon 6, that broke down 
almost completely (>80%) under the HTL conditions when combined with biomass 
(Hongthong, Raikova et al. 2019). Similarly, Raikova et al, screened multiple plastics, 
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including nylon 6 in the co-liquefaction of macroalgae. In this study they demonstrated 
that the nylon 6 did break down under the HTL conditions and one of the monomers, 
ϵ-caprolactam was observed, predominantly in the aqueous phase (Raikova, Knowles 
et al. 2019). 
Plastics are one of the most promising resources for fuel production, with an average 
high heating value of 25 MJ/kg (Fekhar, Miskolczi et al. 2018), compared to 14-16 
MJ/kg for macroalgae biomass (Neveux, Magnusson et al. 2015). Moreover, the high 
content of metal in the ash of macroalgae biomass can play an important role as 
catalysts in thermochemical processes (Ross, Jones et al. 2008, Yanik, Stahl et al. 
2013), as a result, co-processing may lead to synergistic effects that promote the 
decomposition of biomass as well as plastic waste (Jin, Wang et al. 2019).  Therefore, 
the conversion of macroalgal biomass and marine plastic, could not only reduce costs 
through no longer needing to separate the two components, but could lead to a 
significant enhancement in the efficiency and economics of a process as well as 
environmental protection. Moreover, with some evidence that monomers of nylon 6 
could be selectively produced(Raikova, Knowles et al. 2019), this could significantly 
add to the value of a marine biorefinery by being able to effectively chemically recycle 
waste nylon alongside producing bio-crude and fertiliser products.  
The aim of this research was to build on these promising results for nylon 6, and 
systematically assess the co-hydrothermal liquefaction of macroalgae biomass with a 
range of nylons commonly found in maritime plastic waste including nylon 6, nylon 6/6, 
nylon 6/12, and nylon 12. The technique was then applied to an actual sample of 
marine macroalgae collected at sea, entangled with nylon fishing line to demonstrate 
the concept.  
5.4. Materials and methods 
5.4.1 Materials 
Fresh F. serratus samples were collected from Saltern Cove, Paignton, Devon. Prior 
to analysis, all samples were freeze-dried and milled to 10 μm diameter. Nylon 6, nylon 
6/6, nylon 6/12, and nylon 12 were obtained from Sigma-Aldrich and used without 
further purification. All samples were stored at ambient conditions. The original 
composition (C, H, and N) of the raw material was measured by elemental analysis 
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and carried out externally at London Metropolitan University on a Carlo Erba Flash 2000 
Elemental Analyser. The analysis is shown in supporting information (Table 5.9-1).  
5.4.2 Hydrothermal of co-liquefaction of nylon and microalgae 
Co-hydrothermal liquefaction of nylon and F. serratus was performed in a stainless-
steel batch reactor according to previous report (Raikova, Knowles et al. 2019). The 
reactor had an approximate internal volume of 50 mL, and was connected with a 
pressure gauge, thermocouple, needle valve, and relief valve. The temperature was 
monitored using a thermocouple connected to data logging software. The reactor was 
loaded with a total of 3 g biomass (F. serratus  mixed with nylon: 100:0, 95:5, 80:20, 
and 50:50) and 15 g of distilled water and heated within a tubular furnace until the 
temperature reached 350 °C, then removed from the furnace and allowed to cool to 
room temperature. Total heating time was approximately 10 min with a heating rate of 
average 35 °C min-1. The experiments were repeated three times under the same 
conditions.  
5.4.3 Calculation of HTL products 
After cooling, gaseous products were released via the needle valve into an inverted, 
water-filled measuring cylinder to measure gaseous fraction volume. The yields of 
each product phase were calculated as mass percentage on ash-free basis. Gas 
phase yields were calculated using the ideal gas law, approximating the gas phase as 
100 % CO2, assuming an approximate molecular weight of 44 g mol-1 and a volume of 
22.465 dm3 mol-1 gas phase at 25 °C. The yield of gaseous product was determined 
using the following equation: 
𝐺𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 (𝐵, %) =
𝐺𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 × 1.789 × 10−8
𝑀𝑎𝑠𝑠 𝑚𝑎𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 (𝑔) + 𝑀𝑎𝑠𝑠 𝑛𝑦𝑙𝑜𝑛 (𝑔)
× 100                (1) 
The aqueous phase was separated to eliminate undissolved materials, the reactor 
contents were filtered by 1 μm pore size filter paper pre-dried overnight at 60 °C. 
Product yield in the water phase was determined by leaving a 2.0 g aliquot and drying 
in a 60 °C oven overnight and scaling the aqueous residue yield to the total aqueous 




𝐴𝑞𝑢𝑒𝑜𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑦𝑖𝑒𝑙𝑑 (𝐴, %) =
𝑀𝑎𝑠𝑠 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑔)
𝑀𝑎𝑠𝑠 𝑚𝑎𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 (𝑔) + 𝑀𝑎𝑠𝑠 𝑛𝑦𝑙𝑜𝑛 (𝑔)
× 100     (2) 
To separate the remaining bio-oil and solid residue phase, the reactor was washed 
repeatedly with chloroform until the solvent was clear, the solution was filtered, and 
any residual bio-oil washed off the filter paper. The chloroform was removed using a 
rotary evaporator at 40 °C for 1.5 hours to give a dark oil (bio-crude). Bio-crude yield 
was determined using the following equation:  
𝐵𝑖𝑜𝑐𝑟𝑢𝑑𝑒 𝑦𝑖𝑒𝑙𝑑 (𝐵, %) =
𝑀𝑎𝑠𝑠 𝑏𝑖𝑜𝑐𝑟𝑢𝑑𝑒 (𝑔)
𝑀𝑎𝑠𝑠 𝑚𝑎𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 (𝑔) + 𝑀𝑎𝑠𝑠 𝑛𝑦𝑙𝑜𝑛 (𝑔)
× 100                (3) 
The solid residue on the filter paper was oven-dried overnight at 60°C to determine 
the solid residue product yield. Solid residue bio-char yield was determined using the 
following equation: 
 
𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑆, %)  =
𝑀𝑎𝑠𝑠 𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 (𝑔)
𝑀𝑎𝑠𝑠 𝑚𝑎𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 (𝑔) + 𝑀𝑎𝑠𝑠 𝑛𝑦𝑙𝑜𝑛 (𝑔)
× 100                        (4) 
Mass losses occurred during the separation process, mainly through the loss of volatile 
organic compounds during the evaporation of solvent during removal of the bio-crude 
phases through filtration. The overall mass balance of the reaction was calculated 
according to the following equation: 
𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒(%) = 𝐺(%) + 𝐴(%) + 𝐵(%) + 𝑆 (%)                                             (5) 
5.4.4 Characterisation 
The moisture content (%) was determined by drying 2 g of F. serratus . The sample 
was put into an oven at 105 °C and heated overnight. The dried sample was allowed 
to cool and reweighed. F. serratus ash was measured by heating a 100 mg of F. 
serratus in a Carbolite CWF 11 muffle furnace at 550 °C for 24 hours. The mass 
remaining at the end of the experiment was calculated as the ash content. F. serratus 
protein content was calculated from biomass elemental N concentration; mass fraction 
quoted dry basis using a conversion factor of 6.5. F. serratus total lipid content was 
extracted from the samples with chloroform/methanol (2:1, v/v). Approximately 200 mg 
of dried F. serratus was placed into a tube, 14 ml of the chloroform-methanol mixture 
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was added, and after 2 min in a vortex mixer the contents of the tube were filtered 
through 1 μm pore size filter paper. The filtered extract was washed with a chloroform-
methanol mixture. The chloroform-mixture was removed using a rotary evaporator. 
The solid retained was determined as the total content of the macroalgae biomass. 
 Total carbohydrate was calculated, determined by difference  
𝑋𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒  = 100% − 𝑋𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑋𝑙𝑖𝑝𝑖𝑑 − 𝑋𝑎𝑠ℎ                                                            (6) 
where 𝑋𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 is the mass fraction (%) of each biochemical component. 
Elemental analysis (carbon, hydrogen and nitrogen content) of the biomass feedstock 
and products was carried out externally at London Metropolitan University on a Carlo 
Erba Flash 2000 Elemental Analyser. The oxygen content was determined by the 
difference from the sum of carbon, nitrogen, and hydrogen, assuming 
negligible sulphur in the products.  
 
𝑂𝑥𝑦𝑔𝑒𝑛 (𝑂, 𝑤𝑡%) = 100 − 𝐶𝑎𝑟𝑏𝑜𝑛 (𝐶) − 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛(𝐻) − 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛(𝑁, 𝑤𝑡%)      (7)  
The higher heating values (HHV) of the biomass, bio-char and bio-crude were 
calculated using data from the elemental composition in the following equation 
proposed by the Dulong formula (Valdez, Nelson et al. 2012), where C, H, and N are 
the weight percentages of each element: 
𝐻𝐻𝑉 (𝑀𝐽𝑘𝑔−1) = 0.3383𝐶 + 1.422 (𝐻 − (
𝑂
8
))                                       (8) 
The chemical energy recovery (ER) was calculated for the bio-crude and solid 
residue bio-char as follows:  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐻𝐻𝑉 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (%) × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%)
𝐻𝐻𝑉 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (%)
                           (9) 
The extent of interactive synergistic effects between the F. serratus and plastics were 
calculated in terms of biocrude yield. Theoretical results are determined by comparing 
the experimental biocrude obtained during co-hydrothermal liquefaction with the 
individual feedstock by the equation below: 
 𝑆𝑦𝑛𝑒𝑟𝑔𝑖𝑠𝑡𝑖𝑐 𝑒𝑓𝑓𝑒𝑐𝑡 = 𝑌𝐵−(𝑋𝑀 × 𝑌𝑀 + (1 − 𝑋𝑁𝑌) × 𝑌𝑁𝑌              (10) 
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where, YB is the yield of bio-crude obtained in the HTL experiment, XM and XNY are the 
mass fraction of F. serratus  and nylon in the total reaction mixture, YM is the bio-crude 
yield of F. serratus , and YNY is the bio-crude yield of pure nylon plastic.  
The chemical composition of the volatile fraction of the bio-crude was investigated 
using an Agilent Technologies 7890A GC system fitted with a 30 m × 250 µm × 0.25 
µm HP5-MS column, coupled to a 5975C inert MSD.  Samples were dissolved in THF, 
the carrier gas was helium, with a flow rate 1.2 mL min-1. An initial oven temperature 
was set to 50°C, increasing to 250 °C at 10 °C min-1. Initial identification of compounds 
was performed by means of the National Institute of Standards and technology (NIST) 
library of mass spectral database.  
The aqueous phase from HTL was characterised through liquid chromatography using 
an Acquity UPLC BEH C18, 1.7 μM, 2.1 x 50 mm reverse phase column (Waters, 
Milford, MA, USA) with a flow rate of 0.3 mL/min at 45°C, and an injection volume of 
10 µL. Mobile phases A and B consisted of 0.1% v/v formic acid in water, and 0.1% 
v/v formic acid in methanol, respectively. Gradient elution was carried out with 5% 
mobile phase B for 2 min followed by a linear gradient to 100% B for 5 min, these 
conditions were held at 100% B for 8 min, then returned to 5% B in 12 min. 
Total metal content for solid residue and biocrude products were analysed using an 
Agilent 7700 Series ICP-MS. Samples were digested in aqua regia. Briefly, 50 mg 
solid residue was dissolved to 3 g hydrochloric acid (37%; Fisher Tracemetal grade), 
1 ml concentrated nitric acid (67%; Fisher Tracemetal grade) was then added and left 
to digest at room temperature for 15 min. The digest was then heated to 95 °C for 60 
min, then left to digest at ambient temperature overnight and made up to 25 ml with 
distilled water. The resulting solution was filter through a 1 µm filter membrane prior to 
analysis.  
5.5 Results and discussion 
5.5.1 Product yields and distribution 
The F. serratus was co-processed with 5, 20 and 50 wt% weight loadings of nylon 6, 
nylon 6/6, nylon 6/12 and nylon 12 at 350 °C, and a residence time of 10 min. Mass 
balances are shown in Figure 5.5-1 where product yields were calculated on the ash-
free basis (DAF%) of total feedstock input. The solid residue char formation can be 
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reduced for co-liquefaction of F. serratus with nylon 6, where the yield decreased from 
52.4% for pure seaweed to 45.1%, 40.1 %, 36.2 % for 5 wt.%, 20 wt.%, and 50 wt.% 
nylon 6 blends respectively. Under the same conditions, without F. serratus 66.3 wt.% 
of the nylon 6 remains unreacted and distributes into the char phase.  
Blending of F. serratus with nylon 6 was found to increase bio-crude yields, with the 
yield increasing from 13.2% for pure F. serratus to 16.5% for the 50 wt.% nylon 6 
blend. On the addition of the nylon 6 blend, the yields of the gas phase product 
decreased slightly, and no gas was observed in the liquefaction of nylon 6 without F. 
serratus. The aqueous phase residue yield increased from 21.8 % for pure F. serratus 
to 24.7%, 30.6 %, 32.8% for 5 wt.%, 20 wt.%, and 50 wt.% nylon 6 blend respectively. 
This trend in yield is highly suggestive that the nylon 6 is breaking down in the reaction 
and distributing to both the crude and aqueous phases.  
In contrast, the other nylon polymers (nylon 6/6; nylon 6/12 and nylon 12) did not 
behave in a similar manner under the optimal HTL conditions. For the co-liquefaction 
of nylon 6/6, the solid residue increased on increasing nylon blend wt% and the bio-
crude production remained approximately constant irrespective of the amount of nylon 
in the feedstock. This result suggests that limited reactivity and thus 
breakdown/conversion is occurring. Similarly, little bio-crude or aqueous phase 
residue was recovered from the liquefaction without F. serratus, with the majority of 
mass being retained in the solid residue.  
A similar reactivity was observed for both nylon 6/12, and nylon 12 where the majority 
of the mass is retained in the solid residue. Like nylon 6/6, both nylon 6/12 and nylon 
12 did not break down significantly in the reaction without F. serratus.  
While no nylons readily biodegrade in the natural environment, nylon 6/6 is known to 
be more thermally stable than nylon 6 due to kinetic studies on the thermal 
decomposition of nylons have found that the minimum activation energy for 
decomposition nylon6 and nylon 6/6 was 180 kJmole-1 (Reardon and Barker 1974) 
and 223 kJmole-1(Jellinek and Dunkle 1982), respectively. Activation energy is 
affected by the process of bond breaking at the C-N bonds, which rate-determining 
step of decomposition in nylon. Nylon 12, on the other hand, has a higher hardness 
and tensile strength than nylon 6 and nylon 6,6. Nylon 12 contains a lower content of 
the amide groups per unit area, also leading to a lower moisture absorption (Chen, 
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Tang et al. 2019). As the amide linkages are the most unstable parts of the nylon 
polymer, having a more olefin-type structure leads nylon 12 to demonstrate a higher 
resistance to chemical degradation, and a higher tensile strength and stiffness. This 
suggests that nylon 12 and nylon 6/12 are more stable compared to other nylons, and 
therefore more resistant to being broken down.  
There appears to be interactions between the F. serratus and the nylon blends where 
the F. serratus synergistically aids the breakdown of nylon plastic. Results revealed 
that co-processing reduced solid residue bio-char formation, and bio-crude production 
was increased during co-liquefaction compared to individual component liquefaction.  
   
Figure 5.5- 1 –a) Mass balance of the products from the HTL reaction b) Synergistic 
effect of bio-crude obtained co-liquefaction of marine macroalgae with different nylon 
blend loadings  
5.5.2 Nylon conversion   
Fourier transform infrared analysis was performed to determine the amount of nylon 
remaining in the solid residue and therefore to estimate the overall nylon conversion 
(Figure 5.5-2). To do this, the FT-IR spectra were compared against a standard curve 
created with known increasing amounts of nylon added to the solid residue obtained 
from the HTL of pure F. serratus.  For the solid residue from co-liquefaction of F. 
serratus and nylon 6, peaks of moderate-intensity were observed similar to those 
obtained for solid residue from HTL of pure F. serratus  biomass (peak absorbance at 
1089 cm-1, 1570 cm-1 and 2850-2970 cm-1). The presence of nylon 6 co-feedstock in 
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suggests that during co-liquefaction of F. serratus and nylon 6, there is a synergistic 
interaction between the two components resulting in an improved decomposition. For 
example, even at 50 wt.% blends there are only trace amounts of nylon left in the solid 
fraction (Figure 5.5-3).  
However, on comparing the spectra of the bio-char from co-liquefaction of F. serratus 
with nylon 6/6, the spectra blend closely resembles the solid residue from pure F. 
serratus in the addition of 5 wt.% nylon 6/6 blend, while the intensity peak at 1089 cm-
1 decreased with increasing the addition of 20 wt.% nylon 6/6, this suggests that the 
derived solid residue from the addition of 20 wt.% nylon 6/6 had lower ash content 
than the addition of 5 wt.% nylon 6/6.  Peak intensities from HTL of pure F. serratus 
bands decreased in almost all the solid residue obtained with the addition of 50 wt.% 
nylon 6/6 blend,  strong peaks were observed at 1535 cm-1 corresponding to stretching 
vibration of N-B-N and N=Q=N where –B– and =Q= stand for benzenoid and quinoid 
moieties in the polymer(Fazullin, Mavrin et al. 2015). In addition, a peak was observed 
at 1631 cm-1, corresponding to carbonyl groups of nylon 6/6(Fazullin, Mavrin et al. 
2015). Another relevant band observed at 2949 cm-1 and 2823 cm-1is attributed to CH2 
stretching, and peaks were observed at 3298 cm-1 corresponding to N-H stretch. 
These peaks were also seen in the FT-IR spectra of pure nylon 6/6, but not seen in 
the spectra of the bio-char from F. serratus. These findings indicate the presence of a 
large unreacted portion nylon 6/6 in the HTL solid residue.  
Similar patterns in IR absorbance of the solid residue were observed for nylon 6/12 
and nylon 12, where increasing blend levels gave rise to similar increases in the peaks 
associated with nylon 6/12 and nylon 12. Demonstrating that under this system only 
nylon 6 undergoes conversion and the alternative nylon species are too stable for 






Figure 5.5-2–FTIR of pure nylon and the solid phase from hydrothermal co-liquefaction of F. 
serratus  with (a) nylon 6, (b) nylon 6/6, (c) nylon 6/12, and (d) nylon12.   
 
Figure 5.5- 3–Estimated nylon conversion in the co-liquefaction of F. serratus  as calculated 


















































































5.5.3 Bio-crude composition  
The bio-crude samples were analysed by GC-MS to determine the chemical 
components of the bio-crude. A change in the chemical compounds found in the bio-
crude was observed when adding a range of different nylon blends. The F. serratus 
alone produced a bio-crude product that contained mainly phenolic compounds 
potentially derived from the reaction of organic acids and carbohydrates in the system. 
Under HTL conditions, co-liquefaction with nylon 6, produced pure oil that contained 
ϵ-caprolactam, the monomer used in the polymerisation of nylon 6. When increasing 
the nylon 6 at 5 wt.%, 20 wt.%, 50 wt.%, and 100 wt.% blend levels, the level of ϵ-
caprolactam observed increased substantially. This observation suggests that nylon 6 
is successfully decomposed by hydrolysis at subcritical conditions to form high yields 
of ϵ-caprolactam via an ϵ-aminocaproic acid intermediate in bio-crude 
production(Iwaya, Sasaki et al. 2006). In addition, low levels of ϵ-caprolactam were 
also present in biocrude from pure F. serratus, possibly from protein decomposition in 
the marine macroalgae forming ϵ-caprolactam.  
During HTL processing, the presence of nylon 6/6 led to an increased formation of 
cyclopentanone which is formed by a cyclic degradation mechanism in adipic 
acid(Gijsman, Steenbakkers et al. 2002).  Concentrations of cyclopentanone are 
detected highest in the presence of 50 wt.% nylon 6/6 blend. In addition, for co-
liquefaction of nylon 6/6 blend levels, low levels of ϵ-caprolactam were observed. 
Though these are presumably produced from the original F. serratus.  
For liquefaction with nylon 6/12 and F. serratus, cyclododecanone was observed with 
the addition of 20 wt.% nylon 6/12. Cyclododecanone a cyclic ketone,  is an important 
precursor involved in the synthesis of nylon 6/12 and nylon 12 (Feng, Yuan et al. 
2011). Both cyclopentanone and cyclododecanone were not observed in the bio-crude 
derived from F. serratus alone. This is possibly the breakdown product produced from 
the degradation of the polymer.  
Nylon 12 is more stable than nylon 6, partly as the polymer contains a lower 
concentration of amide groups (Levchik, Weil et al. 1999).  A small amount of 
cyclododecanone was obtained from the conversion, which originates from nylon 12. 
However, the main chemical components are similar to bio-crude observed from pure 
macroalgae, containing mainly phenol and 2-Cyclopenten-1-one, 2-methyl.  
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The elemental composition of the bio-crude products obtained from co-liquefaction of 
F. serratus and nylon blends are presented in Figure 5.5-4. Hydrothermal liquefaction 
of pure F. serratus alone had a significant change from the pure F. serratus feedstock 
resulting in a substantial carbon increase and oxygen decrease (C increasing from 
35.2% to 71.3% and O decreasing from 57.5% to 15.9%). With the increasing of nylon 
blend levels, the overall impact on bio-crude element composition was similar to those 
observed for F. serratus alone, however different trends were found in the presence 
of the nylon 6 blends. Carbon content decreased slightly with the increase of nylon 
6/6, nylon 6/12, and nylon 12 blend levels, but decreased substantially for the increase 
of nylon 6 blend (which gave a decrease from 71.3% for pure macroalgae to 60.4% 
for 50 wt.% nylon 6 blend). There are no significant differences in elemental hydrogen 
and nitrogen composition in the bio-crude samples obtained from the presence of 
nylon blends (ranged from 8.4 to 9.5 for hydrogen content and ranged between 4.3 
and 7.9 for nitrogen content). A slight increase in both hydrogen and nitrogen were 
observed for the increasing of all nylon blends. This suggests that F. serratus biomass 
and nylon radicals contribute through a biomolecular termination reaction, where a 
hydrogen radical is transferred from a nylon chain to biomass radicals(Ojha and Vinu 
2018). It is also possible that hydrogen is donated from the water and transferred into 
the bio-crude during the degradation process (Masaru, Toshinari et al. 1997, Moriya 
and Enomoto 1999).   
The high heating value (HHV) obtained from pure F. serratus alone was significantly 
improved through hydrothermal liquefaction, with a substantial improvement from 9 
MJkg-1 to 33 MJkg-1 for pure macroalgae feedstock and hydrothermal liquefaction of 
pure F. serratus respectively. A similar observation was reported for hydrothermal 
liquefaction of Sargassum spp. macroalgae biomass(Díaz-Vázquez, Rojas-Pérez et 
al. 2015). In the presence of nylon blends, the HHV was not strongly affected, HHV 
from co-liquefaction of F. serratus with nylon blends was found to be in the range of 
28-35 MJ kg-1. However, the largest HHV change was found in the presence of 50 
wt.% blend nylon 6/12, with a substantial decrease from 33 MJkg-1 to 28 MJkg-1. This 
suggests that the bio-crude was largely changed by the addition of 50 wt.% nylon 6 
blend. The highest energy recovery value (38%) was obtained for the bio-crude 
obtained from the addition of 5 wt.% nylon 6 blend, while the lowest energy recovery 







Figure 5.5-4–Bio-crude compositions produced from the co-liquefaction of macroalgae 
biomass with nylon 6, nylon 6/6, nylon 6/12, and nylon 12 a) is carbon wt. %, b) nitrogen wt. % 
c) is HHV of the bio-crudes, and d) is energy recovery (%) 
5.5.4 Solid residue composition 
Compared to the raw F. serratus biomass, the quality of the solid residues improved 
with increased carbon content and high heating value (from 32% to 53% for carbon 
content and from 9 MJkg-1 to 17 MJkg-1 for high heating value). The high carbon content 
of the solid residues resulted from the condensation and carbonization reaction 
through hydrothermal processing(Jung, Kim et al. 2016). The derived solid residue 
from co-liquefaction with nylon 6 has similar carbon, hydrogen, and nitrogen content 
to solid residue produced from pure macroalgae (Figure 5.5-5). Slight increases in 
elemental composition of the solid residue produced was observed with the addition 
of nylon 6/6 blends. Co-liquefaction of nylon 6/12 contributed to an increase in C 
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additional nylon 12 solid residue had the highest carbon content and hydrogen content 
(67 % C and 10 % H, respectively) suggesting that nylon 12 is the most difficult to 
break down and instead distributes into the solid residue.  
For a better understanding of the elemental composition, the classification of solid 
residue fuel obtained from the HTL process can be illustrated using a Van Krevelen 
diagram (plot of H/C and O/C atomic ratios). A decrease in H/C and O/C atomic ratio 
suggests the development in aromatic structure in solid residue due to the removal of 
hydrogen and oxygen from the original feedstock(McKendry 2002). The effective 
combustion also preferably needs lower O/C and H/C ratios as they reduce 
thermodynamic energy losses, produce less smoke and water vapour (Rago, Surroop 
et al. 2018). Figure 5.5-6a-d shows the Van Krevelen diagram for all conditions used 
in this study and corresponding solid residue produced at different nylon blend 
loadings. Co-liquefaction of 5 wt.% blends of nylon 6, nylon 6/6, and 20 wt.% nylon 6 
showed a very similar range of atomic ratios for solid residue from pure macroalgae, 
the O/C ratio ranged from 0.60 to 0.74, and H/C ratio ranged of 0.08. This suggested 
that 5 wt.% nylon 6, 20 wt.% nylon 6 were found to break down completely in the HTL 
process. A slightly higher H/C atomic ratios were observed in the additional 20 wt.% 
of nylon 6/6, nylon 6/12 blends and 50 wt.% nylon 6 blend (from 0.08 for pure 
macroalgae to 0.10, 0.12, 0.11, and 0.12 H/C atomic ratio obtained for 20 wt.% of 
nylon 6/6, nylon 6/12 blends and 50 wt.% nylon 6 blend, respectively). In contrast, co-
liquefaction of 50 wt.% nylon 6/6, nylon 6/12, and nylon 12 blends contributed to a 
substantially H/C atomic ratio increase, while the O/C atomic ratio of the solid residues 
obtained substantially decreased.  This significant difference was increased by a large 









Figure 5.5- 5 Elemental composition of the bio-char of different nylon contents 5 wt.%, 20 wt.% 
and 50 wt.% of nylon 6, nylon 6/6, nylon 6/12, and nylon 12 a) is carbon wt. %, b) nitrogen wt. 














































































Figure 5.5- 6–Van Krevelen diagram with H: C and O: C molar ratio for co-liquefaction of 
macroalga with a) nylon6, b) nylon6/6, c) nylon6/12, and d) nylon 12 
5.5.5 Yield of nylon products from the system  
Due to the elevated conversion of nylon 6, and nylon 6/6, the aqueous phase and 
biocrude produced from these two polymers was also assessed for the production of 
chemicals produced from the breakdown of the polymers through LC-MS and GC-MS 
analysis. Since ɛ-caprolactam is the largest compound formation of nylon found in the 
aqueous phase and biocrude, ɛ-caprolactam was used to estimate the yield of nylon 
products from the system in both observed from aqueous and biocrude products. The 
quantification of the main compounds present in the aqueous phase and bio-crude are 
shown in Table 5.5-1. The presence of ɛ-caprolactam was observed in the range of 
0.006-0.7 g L-1, and 0.006.0-1.1 g L-1 for LC-MS and GC-MS respectively. The 
significant affects were observed for the presence of nylon 6 blends, with a substantial 
increase in the formation of ɛ-caprolactam in the aqueous phase. The presence of 
these compounds suggests that nylon 6 was almost completely decomposed into ɛ-






























































































(Iwaya, Sasaki et al. 2006). Co-liquefaction of marine macroalgae with plastic 
therefore not only produces a suitable product suite, but with further separations could 
yield the nylon monomer for further valorisation. Calibration curves and future 
information are provided in the Supplementary Information (Figure 5.9-5-6, and Table 
5.9-8).  
Table 5.5-1–Quantitative result from LC MS and GC MS of selected nylon product in 
aqueous phase and oil phase for co-liquefaction of nylon with macroalgae 
Sample  LC-MS GC-MS 
5% nylon6 0.07 g L-1 0.22 g L-1 
20% nylon6 0.23 g L-1 0.77 g L-1 
50% nylon6 0.70 g L-1 1.11g L-1 
5% nylon6/6 0.06 g L-1 0.06 g L-1 
20% nylon6/6 0.0 g L-1 0.006 g L-1 
50% nylon6/6 0.0 g L-1 0.03 g L-1 
 
5.5.6 Conversion of macroalgae with actual nylon fishing line 
The results observed the identified positive correlation between nylon blend and F. 
serratus for enhancing the nylon conversion and bio-crude properties. In order to 
demonstrate the potential benefit a real waste system, nylon fishing line was co-
processed with F. serratus.  
The pure nylon fishing line was analysed using FT-IR to identify the key functional 
groups present. Peaks of intensity were observed at 3300 cm-1, 2940 cm-1, 1638 cm-
1, and 1538 cm-1, which were similar to those observed from pure nylon 6 and nylon 
6/6 (Figure 5.5-7). However, the intensity peak at 1638 cm-1, and 1538 cm-1 were more 
similar to those observed from nylon 6/6. This suggests that the nylon fishing line was 




Figure 5.5- 7–FTIR of pure nylon fishing line compared to pure nylon 6, nylon6/6, nylon 6/12, 
and nylon 12 
Similarly to the model compounds, the HTL of nylon fishing line with F. serratus was 
found to increase the bio-crude yields compared to pure F. serratus. A modest 
increase in bio-crude yield was observed for 20 % blend of nylon fishing line blends 
(18.1 wt.%), whilst decreases in overall bio-crude production were seen for 5% and 
50% blends (bio-crude yields of bio-crude products of 15.8 wt% and 10.8 wt%, 
respectively). Residue aqueous phase product recovery increased steadily (18 wt.% 
for 5% nylon fishing blend, increased to 28.7 wt% at a 50% nylon fishing blend), whilst 
increasing nylon fishing blend levels also caused a modest decrease in the yield of 
gas product at 50 wt.% blend level. These results were similar to those observed for 
HTL of nylon 6/6 blend. However, some of the polymer remained unconverted in the 
HTL reaction demonstrating a slightly lower overall conversion compared to co-
liquefaction of the model nylon 6/6 blends.  
The FTIR spectra of solid residue from HTL of nylon fishing line at 5% and 20% blends 
and F. serratus were almost identical to the spectrum of pure macroalgae solid bio-
char (Figure 5.5-8b, 5.5-8c). The presence of nylon fishing line did not appear to 
change to composition of the solid residue, suggesting that nylon fishing line at 5% 
and 20% blends decomposed almost completely and forming soluble products. In 
contrast, a number of peaks are similar to pure nylon fishing line were observed at the 
biochar produced from 50% blended nylon fishing line, suggesting the presence of 
some unreacted nylon fishing line. The effect between the F. serratus and the nylon 
fishing line suggests the presence of F. serratus reactive fragments affects the thermal 
stability of nylon fishing line. The presence of metals in F. serratus ash can enhance 
















2008), preventing undesirable side reactions, leading to lower solid residue and higher 




Figure 5.5- 8– a) Mass balance of co-liquefaction of fishing line and F. serratus b) FT-IR 
spectra of pure nylon fishing line and the solid phase from hydrothermal co-liquefaction of F. 
serratus with 5%, 20%, and 50% nylon fishing line blends. c) Estimated nylon fishing line 
conversion in the co-liquefaction of F. serratus as calculated by FT-IR (see supporting 







































































Plastic is continuously accumulating in the world’s oceans and has led to negative 
impacts across successive levels of the marine ecosystem. The main plastic 
contaminant found in macroalgae beds is nylon derived from fishing gear 
(predominantly nylon 6, though increasingly nylon 6,6), and increasingly from fabrics 
(alternative nylon compositions). This plastic waste presents a major challenge for a 
macroalgal biorefinery and would need to be able to be integrated into the conversion 
technology. In this study, we investigated a possible solution through including the 
nylon in an optimised HTL process. The co-liquefaction of nylon 6 and F. serratus was 
promising as the nylon was found to almost completely break down producing the 
monomer ϵ-caprolactam. Nylon 6/6 demonstrated some activity albeit reduced 
compared to nylon 6. In contrast, nylon 6/12 and nylon 12 did not break down at all 
and were retained in the solid residue. To demonstrate the suitability of this approach 
actual fishing line was converted with the macroalgal species recovered from a marine 
site, and when converted showed overall enhancement of the bio-crude products. This 
work demonstrates that while nylon derived fishing ‘ghost gear’ can be converted 
alongside the macroalgae producing an array of high value products, alternative nylon 
polymers, derived from fabrics and other nylon blends, would still cause an issue in a 
macroalgal HTL biorefinery and contaminate the solid residue.  
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5.9 Supporting information 
 
5.9.1 Feedstock elemental compositions 
Table 5.9-1–Feedstock elemental compositions 
Analysis Seaweed Nylon6 Nylon6/6 Nylon6/12 Nylon12 
Moisture 4.9 - - - - 
Ash 25% - - - - 
Element Analysis (%) 
C 35.3 63.3 62.7 68.9 72.6 
H 5.1 10.1 10.2 11.6 12.0 
N 7.1 12.3 12.4 9.0 7.0 
other 57.5 14.25 14.6 10.4 8.3 
HHV 8.9 33.2 33.2 38.0 40.2 
Component analysis (wt.%) 
Carbohydrate  53.6     
Protein 13.8     
lipid 7.5     
 
5.9.2 Calibration curves for quantification of unreacted plastics in bio-
char using FTIR 
The conversion of nylons6 was estimated by plotting calibration curves of known 
amounts of the nylons with solid residue generated from the HTL reaction which 
contained only macroalgae biomass. Calibration curves were created for each 
nylon/biomass combination (nylon6/macroalgae, nylon66/macroalgae, 
nylon6,12/macroalgae, nylon 12/ macroalgae) by mixing bio-char from HTL of pure 
marine macroalgae with nylons at a range of known concentrations. 
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5.9.2.1 Nylon 6 in solid bio-char 
 
  
Figure 5.9- 1–(a) FTIR spectra of macroalgae bio-char with different nylon6 contents, 
and (b) peak intensity ratio calibration curve for nylon6/6 content in macroalgae bio-
char. 
Table 5.9- 2 –Calculated percentage concentrations of unreacted nylon6 in bio-char 
from co-liquefaction of macroalgae with nylon6. 










 1640 cm-1 1261 cm-1 1640:1261 Y = 65.859x-
48.934  
0.94  
5% Nylon 6  0.01962 0.02332 0.84126   6.5 % 
20% Nylon 6 0.03596 0.04031 0.8921   9.8% 
50% Nylon 6 0.02047 0.01571 1.3031   36.8% 






















y = 65.894x - 48.719












5 % Nylon 6 0.00114 0.02332 0.04895   0.0% 
20 % Nylon 6 0.00561 0.04031 0.13906   6.0% 
50 % Nylon 6 0.00894 0.01571 0.56932   84.4% 
 
5.9.2.2 Nylon 6/6 in solid char  
 
  
Figure 5.9-2–(a) FTIR spectra of macroalgae bio-char with different nylon6/6 contents, 
























































Table 5.9- 3–Calculated percentage concentrations of unreacted nylon6/6 in bio-char 
from co-liquefaction of macroalgae with nylon6/6. 









 1640 cm-1 1261 cm-1 1640:1261 Y = 70.845x-
36.492  
0.94  
5% Nylon 6/6  0.02251 
 
0.037211 0.604955   6.4 % 
20% Nylon 6/6 0.03188   0.027787 1.147120   44.8% 
50% Nylon 6/6 0.04821   0.03052 1.588451   76.0% 
5.9.2.3 Nylon 6/12 in solid bio-char 
 
 
Figure 5.9-3– (a) FTIR spectra of macroalgae bio-char with different nylon6/12 





















y = 76.122x + 3.05
R² = 0.877















Table 5.9- 4 – Calculated percentage concentrations of unreacted nylon6/12 in bio-













 1640 cm-1 1261 cm-
1 
1640:1261 Y = 31.788-
3.7199  
0.83  
5%Nylon6/12  0.033626 0.036728 0.9155473   25.4 % 
20%Nylon6/12 0.03394 0.022046 1.5396717   45.2% 
50%Nylon6/12 0.05401 0.021718 2.4885014   75.4% 
 2981 cm-1 1261 cm-
1 
2981:1261 Y= 76.122x 
+ 3.05 
0.88  
5 % Nylon 6/12 0.01232 0.036728 0.33532   28.6% 
20 %Nylon 
6/12 
0.01865 0.022046 0.84611   67.5% 
50 %Nylon 
6/12 
0.03917 0.02171 1.80478   140.4% 
 






















Figure 5.9-4–(a) FTIR spectra of macroalgae bio-char with different nylon12 contents, 
and (b) peak intensity ratio calibration curve for nylon12 content in macroalgae bio-
char. 
Table 5.9- 5– Calculated percentage concentrations of unreacted nylon12 in bio-char 
from co-liquefaction of macroalgae with nylon12. 
 










 1635 cm-1 1261 cm-
1 
1635:1261 Y = 33.976x-
13.799  
0.8993  
5% Nylon 12 0.04848 0.04414 1.09848   23.0 % 
20% Nylon 12 0.03356 0.01629 2.06066   56.2 % 
50% Nylon 12 0.07234 0.02729 2.65072   76.3 % 
 2912 cm-1 1261 cm-
1 
2912:1261 Y= 61.329x 
+ 7.0471 
0.8953  
5% Nylon 12 0.00617 0.04414 0.13984   32.9 % 
20% Nylon 12 0.00297 0.01629 0.18255   40.6 % 







y = 33.976x - 13.799
R² = 0.8993



















5.9.3 Quantification of plastic conversion 
𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑔)
=
𝑢𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑  𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (%) ×  𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑦𝑖𝑒𝑙𝑑 (𝑔)
100
 
𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 (𝑔) = 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 − 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 
 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 (𝑔) ×  100
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑔)
 
























5% Nylon 6 0.15 g 0.98 g 0% 0.15 g 100% 
20% Nylon 6 0.6 g 0.93 g 7.9% 0.53 g 88% 
50% Nylon 6 1.50 g 0.93 g 61 % 0.94 g 62% 
5% Nylon 6/6 0.15 g 1.07 g 6.4 % 0.08 g 54% 
20% Nylon 6/6 0.6 g 1.09 g 44.8% 0.11 g 19% 
50% Nylon 6/6 1.50 g 1.22 g 76% 0.57 g 38% 
5% Nylon 6/12 0.15 g 1.09 g 25.4% 0 g 0% 
20% Nylon 6/12 0.6 g 1.07 g 56% 0 g 0% 
50% Nylon 6/12 1.50 g 1.66 g 108% 0 g 0% 
5% Nylon 12 0.15 g 1.22 g 28.2 % 0 g 0% 
20% Nylon 12 0.6 g 1.12 g 48.3% 0.06 g 9% 
50% Nylon 12 1.50 g 1.50 g 89.4% 0.17 g 12% 
5% Nylon line 0.15 g 0.66 6.2 0.041 73% 
20% Nylon line 0.6 g 0.97 10.5 0.10 83% 
50% Nylon line 1.50 g 1.10 62.4 0.69 54% 
 
5.9.4 GC/MS analysis of bio-crudes 
The identities of notable compounds in bio-crudes from co-liquefaction of macroalgal 
biomass with nylon blends, identified using GC/MS, are presented in Table 5.9-7 
below. 
Table 5.9-7– Identities of notable compounds in bio-crude products from co-













Ethane, 1,1-diethoxy- -   - - 
Toluene - -  -  















Cyclopentanone -   - - 
Butanoic acid      
Piperidine, 1-ethyl-      
1-Methoxy-2-propyl acetate -   - - 
4-Piperidone - -  - - 
Hexamethylenimine - -   - 
1-Butanamine, N-methyl-N-2-propenyl- - - -  - 
2-Cyclopenten-1-one, 2-methyl-      
Acetic acid, TBDMS derivative - -   - 
Butyrolactone -     
2-Cyclopenten-1-one, 3-methyl-      
Phenol      
2-Cyclopenten-1-one, 3,4-dimethyl-      
2-Cyclopenten-1-one, 2,3-dimethyl-      
Propanoic acid, TBDMS derivative - -    
Butyric Acid, TBDMS derivative     - 
p-Cresol      
tert-Butyldimethylsilyl methacrylate - -   - 
Furan, 2-propyl- -  -  - 
2,5-Pyrrolidinedione, 1-methyl-      
Phenol, 2-methyl-      
Ethanone, 1-(1-cyclohexen-1-yl)-      
Ethanone, 1-(2-thienyl)-      
Phenylethyl Alcohol      
3-Pyridinol      
Caprolactam    - - 
m-Aminophenylacetylene - -   - 
Phenol, p-tert-butyl-   -  - 
Indole      
Dodecanamide   -  - 
Tetradecanoic acid   -   
n-Hexadecanoic acid   -  - 
Pentanoic acid - -    
Cyclododecanone - - -   















9-Octadecenamide, (Z)- -  -  - 
Ethanol, 2-ethoxy-  -   - 
Phthalic acid, cyclobutyl tridecyl ester -  - - - 
1,8-Diazacyclotetradecane-2,7-dione - -  - - 
Myristic acid, TBDMS derivative - - -   
Heneicosane - - -   
Heptadecane - - -   
Oleic Acid, (E)-, TBDMS derivative - - -  - 
Phthalic acid, di(2-propylpentyl) ester - -    
 
5.9.5 Yield of nylon product 
The yield of nylon products from the system in both observed from aqueous and 
biocrude product from co-liquefaction of macroalgal biomass with nylon blends were 
estimated using LC/MS and GC/MS. 
 























Figure 5.9- 5–Calibration curve the peak area of ɛ-caprolactam by a) LC-MS, and b) 





































Figure 5.9-6. GC-MS chromatographs of bio-crude created from (a) 100%pure marine 
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In this thesis, two promising thermochemical routes for the co-liquefaction of plastics 
and biomass were assessed. The first technology was the pressure-less catalyst 
depolymerisation (KDV) through collaboration with the Wonderful Company. The 
process was assessed for its suitability to produce a hydrocarbon advanced fuel from 
pistachio hulls. The KDV process was mimicked on the lab scale and carried out in 1L 
and 5L reactors, with different catalysts: 4A zeolite, ZSM-5, and aluminosilicate, and 
two different carrier oils, with different volatility. These results were compared to the 
pilot scale process underway at Ekotrend in Poland. Despite concerted efforts in the 
lab, very little bio-oil was produced under the conditions given in the literature, and of 
this product, hardly any of the distillate was from the biomass. Indeed, the catalyst-
free reaction converted less biomass to distillate than conventional slow pyrolysis or 
LPP on both the lab and pilot scale. The maximum amount of distillate obtained when 
using a heavier carrier oil was relatively low, with less than half of the pistachio hull 
used. The liquid product contained not only pyrolysis oil but also 30-50 wt.% water. 
The bio-content as determined through 14C analysis was found to be remarkably low 
for all reaction conditions, demonstrating that the majority of the product came from 
the carrier oil. The apparently high yields of fuels which are a key claim of the company 
delivering the technology seem to be predominantly due to the cracking and distillation 
of the fossil carrier oil. Overall, this technology is not a viable route for biomass 
valorisation, or for the co-processing of plastics with biomass.  
Another potential alternative thermochemical process is to convert the pistachio hulls 
through hydrothermal liquefaction, where lignocellulosic residues were broken down 
in water at high temperatures and pressures to produce a bio-crude oil, a solid residue 
and an aqueous fertiliser. The effect of PE, PP, PET and Nylon on the liquefaction of 
pistachio hulls was examined, to determine the suitability of co-processing the waste 
feedstocks together. This technology produced a high yield of biocrude from pistachio 
hulls alone (up to 35 wt.%.) In the co-processing, modest synergistic effects were 
observed for PET and nylon-6, and in the case of nylon-6, the monomer ϵ-caprolactam 
was recovered predominantly in the aqueous phase. This result presents a promising 
revenue stream in future biorefineries. However no significant appreciable conversion 
of polyolefins was observed with the addition of biomass (<10%).  
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Based on these results, a number of challenges remain to be overcome, taking steps 
to further enhance the conversion of the recalcitrant polyolefins is necessary before 
plastic waste can become an integral part of a biorefinery. The processing of plastics 
with pistachio hulls through the catalytic co-liquefaction of biomass and plastic was 
therefore examined. 
Various inorganic catalysts and organic additives were studied to enhance the 
conversion of polypropylene through hydrothermal liquefaction in the presence of 
pistachio hulls. However, with the exception of a radical promotor or the organic 
hydrogen donor formic acid, none of the catalysts used displayed significant 
enhancement in polypropylene conversion. The presence of formic acid as a co-
solvent reduced the amount of fossil carbon going to the solid fraction and rather 
volatile organic species were predominantly produced, with the majority of the 
components being C3-C10 branched hydrocarbon fragments. The plastic conversion 
was enhanced to over 50% through the addition of the hydrogen donor formic acid. 
This effect was related to the activity of formic acid to act as an acid catalyst, promoting 
hydrolysis of the biopolymers at lower temperatures, increasing the interaction of 
soluble products, and is a source of H2 as the acid can degrade over heterogeneous 
catalysts to produce hydrogen. In addition, the ability to stop the reaction through the 
addition of butylated hydroxytoluene (BHT) demonstrated the importance of a radical 
mechanism for the depolymerisation.  
Previous studies reported that monomers of nylon 6 could significantly add to the value 
of an HTL marine biorefinery, as opposed to one containing lignocellulose presented 
in this thesis, by being able to effectively chemically recycle the waste nylon alongside 
producing bio-crude and fertiliser product. Hence, the effect of co-processing various 
other nylon types with marine macroalgae was examined using an actual sample of 
marine macroalgae collected at sea, entangled with nylon fishing line as well as nylon 
6, nylon 6/6, nylon 6/12, and nylon 12. Synergistic effects between macroalgae and 
plastic on bio-crude yields were obtained, with increased hydrocarbon formation in bio-
crude, and providing an overall improvement in bio-crude properties. However, while 
nylon 6 broke down almost entirely, and there was a modest conversion of nylon 6/6, 
nylon 12 and nylon 6/12 were left largely intact. 
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Through the work described in this thesis, HTL has been demonstrated to have a lot 
of  potential for the co-liquefaction of plastic with biomass, that can produce monomers 
such as caprolactam or olefin gas stream being produced under optimal conditions. 
Co-liquefaction therefore has the potential to reduce the disposal of waste plastics in 
landfills and to help even out the seasonality issues that are inherent in biorefinery 
production. 
 
6.2 Future work 
The thesis presented here explored a number of avenues for converting plastics and 
biomass together to generate useful fuel pre-cursors.  
KDV was assessed on the lab and pilot scale to determine the suitability of this 
approach for producing hydrocarbons from pistachio hulls. However, none of the work 
presented here demonstrated that the catalytic depolymerisation process is a viable 
biofuel production route. This work demonstrates the unsuitability of this one-step 
process for fuel production. Therefore, it is the opinion of the author that no further 
studies should be conducted on the KDV of biomass or in the future co-processing 
with plastic.  
In contrast, the co-processing of plastic with pistachio hulls through hydrothermal 
liquefaction explored the effect of plastic pollutants on biofuel production. The bio-
crude generated is a highly promising fuel precursor but cannot function as a fuel 
without future treatment. Further work should therefore investigate the upgrading of 
bio-crude to improve the physical and chemical properties enabling production for 
direct use as a fuel, or for co-refining with crude oils in conventional fossil refineries. 
The presence of nylon resulted in bio-crude and a high production of monomer ϵ-
caprolactam in the aqueous phase. This monomer can be extracted to provide a novel 
route for a high value product. The fractionation of bio-crudes, separation and 
purification protocols for caprolactam should be further investigated.  
Although the organic catalysts displayed enhanced hydrogenation activity during the 
conversion of plastics, they did not significantly improve the bio-crude quality. 
Consequently, further work should investigate a wider number of catalysts to further 
enhance bio-crude yield as well as its properties. Liquefaction studies should be 
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conducted under continuous flow conditions, to allow a better evaluation of industrial 
applicability of this technology. A radical promotor or the organic hydrogen donor 
formic acid resulted in enhancing the volatile organic compound stream. Further 
research would benefit from an investigation into utilising the gas stream to produce 
further polyolefins resulting in a circular economy methodology. Or by combining the 
gas stream with the crude product for future hydrotreating to add to the total energy 
product produced from HTL system. 
A recycled and reused aqueous phase as a reaction medium for the co-liquefaction 
process is particularly promising as it can help to minimize the waste generated from 
the different processes. The aqueous phase from HTL of macroalgae may be used as 
a suitable growth medium fertiliser for terrestrial plants because of its high 
concentration of nitrogen and phosphorus. Therefore, the valorization of HTL aqueous 
products could be explored and assess whether the additional plastic has a negative 
effect on plant growth. Based on this data, the economic feasibility of the whole 
process could be assessed. 
The synergistic effects on co-processing of plastic and macroalgal biomass were 
found to be stronger than those obtained for lignocellulosic biomass. This is potentially 
attributable to differences in the biochemical composition of macroalgae biomass; 
possibly the metal content in the inorganic fraction of macroalgae biomass may play a 
significant catalytic role in reaction conversion. Further research with a more detailed 
investigation of the inorganic composition of the macroalgae would be extremely 
beneficial. Further work should therefore investigate the isolation of individual 
inorganic components conducive to plastic conversion. This may ultimately lead to 
beneficial improvements of biofuel yields within a biorefinery.  
 
 
 
 
 
 
 
